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0.4 ABSTRACT 
The aim of this study was to determine how daily yield records might be used to 
improve the genetic evaluation of dairy cattle, which is currently based on 305 day 
yield predicted from monthly test day records. Daily milk yield records of 488 first 
lactation Holstein Freisian cows were obtained from one UK herd and summarised 
into weekly averages. Weekly fat, protein and lactose content records, from the same 
herd, were also obtained and each multiplied by test day milk yield to estimate fat, 
protein and lactose yields. 
Analysis of variance indicated that residual standard deviation (RSD) for each trait 
was lower when season of production was included in the model instead of the 
season of calving. The difference in RSD was more for fat and protein yields than 
the other traits. Lactation stage and season were the most important environmental 
factors affecting daily milk yield and composition while calving age had a small but 
significant (P < 0.05) effect. Pregnancy accounted for 1.4 to 1.7%' of the variation 
in yield traits but less than 0.4% of the variation in content traits. Its effect varied 
with gestation stage causing daily milk yield to decline by 3kg in the 8 11 month 
of gestation. A significant interaction between lactation and gestation stage was 
observed which suggested that the negative effect of pregnancy was higher in mid 
than late stages of lactation. 
Standard models of the lactation curve studied accounted for a substantial propor-
tion of the variation in daily milk yields of typical lactations which made up about 
half of the lactations studied. The other half was made up of atypical lactations such 
as highly persistent animals with almost flat curves whose lactation could not be 
adequately modelled with the standard curve functions. A regression spline model 
was derived which was as good as the best 3 parameter model and more flexible. 
These results indicate that models which make rigid assumptions about the shape 
of the lactation curve may not be very effective in accounting for the effect of lac-
tation stage on daily yields. Yields of the same trait at different stages of lactation 
were positively correlated throughout but the correlations between yield and con-
tent traits were mostly negative. Average correlation between milk yield in adjacent 
weeks was 0.93 declining to 0.61 between yields 41 weeks apart. Daily milk yields 
in mid and late stages of lactation were more highly correlated with 305 day yield 
than yields in early lactation. 
Covariance functions, using orthogonal polynomials up to the order of 4, were used 
to model genetic and permanent environmental covariances in a restricted maximum 
xix 
likelihood (REML) random regression (RR) model. Genetic parameters and breed-
ing values were estimated for yield in every week of lactation. These were compared 
with estimates from a multivariate model, which considered yield at different stages 
as different traits, and a repeatability model without random regressions. Genetic 
parameters estimated with random regression models varied as the order of polyno-
mials used in the fixed and random part of the model increased. These estimates were 
higher than the corresponding estimates from the multivariate analysis. Additive 
variance increased in mid and late stages of lactation resulting in higher estimates of 
heritability at those stages. Correlation between estimated breeding values (EBVs) 
from the simple repeatability model and the mean EBV for each animal from the RR 
model was 0.94 implying that the repeatability model gave a good indication of the 
genetic merit of the animals for overall milk production. EBVs estimated with RR 
models, with different order of polynomials, were highly correlated (>0.97), imply-
ing no major re-ranking of individuals. There was, however, significant re-ranking 
of some animals when evaluation was based on the overall mean EBV instead of the 
mean EBV of the first 20 weeks of lactation. 
This study has shown that the evaluation of animals based directly on daily perfor-
mance records allows more environmental factors to be accounted for, thus increasing 
the accuracy of genetic evaluations. The random regression model proved suitable 
for the genetic evaluation of daily yields, allowing breeders a wider scope than at 




National evaluation of dairy cattle enables breeders to enlarge their genetic base by 
pooling all registered animals in the country into one population allowing selection 
intensity and genetic progress to be maximised. Comparison of animals from differ 
ent herds and environments requires adequate analytical techniques for eliminating 
non genetic sources of variance so that the true genetic merit of each animal can be 
elucidated. Apart from increasing the rate of genetic progress, accurate evaluation 
is important in sustaining farmers' confidence and interest in a recording scheme 
which facilitates national evaluation of cattle. Also, pricing of dairy animals and 
reproductive products such as semen and embryos depends on the expected im-
provement in profitability produced by breeding superior offspring. If the, breeding 
values of individuals are not accurately predicted, offspring of highly priced animals 
may not perform as well as expected leading to a loss in the farmer's investment 
and confidence in the system. 
In the United Kingdom, National Milk Records (NMR) was set up to obtain unbiased 
performance records from dairy cattle herds in England and Wales. These records 
together with those collected by the Scottish Livestock Services (SLS) in Scotland, 
the United Dairy Farmers (UDF) in Northern Ireland and the Daisy scheme are 
used by the animal data centre (ADC) for the national genetic evaluation of dairy 
cattle and computation of the Predicted Transmitting Ability (PTA) of each reg-
istered animal semi-annually (ADC, 1997). Collection of production records from 
herds registered in such schemes requires the physical presence of the milk record-
ing officials which makes milk recording expensive. It is therefore not economically 
feasible to formally record milk production of all registered cows on every day of 
1 
lactation over a 305-day period. Yet, the true 305-day yield is the cumulative yield 
of the cow over the entire period and the most accurate genetic evaluation will be 
that based on this true yield. 
Presently, genetic evaluation is based on predicted 305-day milk, fat and protein 
yields obtained by linear interpolation of test day (TD) yields (BSI, 1972). Test day 
records are records of daily milk production of the cows on a few 'test days' when 
milk recording officials visit the herd. Usually there are about ten records per cow, 
obtained at monthly intervals during lactation, which constitute the official records. 
Prediction of total lactation yield based on test day yields assumes each TD yield 
represents the average production of the cow in the sample period which is not often 
the case (Swalve, 1995a), and hence 305 day yield predicted from TD records is not 
the true yield (Sargent et al., 1968; McDaniels, 1969; Congleton, 1980; Anderson et 
al., 1988). Breeding values estimated from predicted 305 day yield may therefore 
not give a correct indication of the genetic merit of some individuals. 
Statistical models used in the genetic analysis of 305-day yield can only accommodate 
environmental effects common to all records even though yields at different stages of 
lactation may be subject to additional effects specific to that stage of lactation. Short 
term environmental factors such as climatic changes, change in feed, progression of 
pregnancy etc., may vary within season and within herds. Also, cows may vary in 
their response to specific situations such as temperature changes and alteration to 
feed quality etc. Effects of this kind can be estimated only when factors causing short 
term environmental changes are included in models for the analysis of individual 
yield at different stages of lactation. This facilitates the adjustment of individual 
records for specific environmental effects and allows more accurate estimation of 
genetic parameters and prediction of genetic merit. 
Genetic evaluation of cows based directly on test day yields, using test day models 
(Swalve, 1995b), is one way by which the accuracy of genetic evaluation can be im-
proved. Several test day models have been suggested ranging from the multiple trait 
model which consider each test day yield as a different trait (Pander and Hill, 1993; 
Wiggans and Goddard, 1996), to the repeatability model which consider each test 
day yield as a repeated measure of the same trait (Ptak and Schaeffer, 1993). Others 
have focussed on increasing the accuracy of predicting 305-day yield from test day 
yields by utilising additional sources of information such as the relationship between 
test day yields or the relationship between individual yields and total lactation yield 
(Schaeffer and Jamrozik, 1996; VanRaden, 1996). 
2 
As more and more farmers convert to the use of milking facilities with automatic 
recording of milk yield, daily milk records, but not fat and protein contents, are rou-
tinely being accumulated at no extra cost. Genetic analysis of such records directly, 
could yield a better understanding of environmental factors affecting milk produc-
tion and composition and how best to account for them. This will facilitate a more 
accurate genetic evaluation of dairy animals and increase genetic progress. Before 
daily production records or test day models can be used on a national scale for ge-
netic evaluation, there is a need to first understand the scope of such endeavour with 
regards to technical and infrastructural requirements. There is also a need to show 
what advantages, in terms of higher accuracy of predictions, can be obtained from 
the utilisation of daily milk records to justify a change from the current method. We 
must also put in place, an adequate method of verification to eliminate fraud since 
daily recording cannot be supervised. Specific questions that need to be addressed 
include: 
i What factors influence daily milk yield? 
ii What are the genetic and phenotypic characteristics of daily milk yield? 
iii What do we gain by using daily records? 
iv Do we need all 305 records per cow to achieve such gain? 
v How do we cope with complete milk yield records with incomplete (test day) 
composition information? 
Answers to these and other questions are essential for the utilisation of daily yield 
records in the genetic evaluation of dairy cattle. Increasing the accuracy of evalua-
tions with such records will sustain farmers' confidence and support for national milk 
recording schemes and increase return on current investment in automated milking 
systems. 
1.2 Purpose of study 
The purpose of this study is to provide an insight into the nature of daily milk yield 
records and how they can be utilised in dairy cattle evaluation. In the first investi-
gation (Chapter 3), the objective was to estimate the effect of various environmental 
factors on daily yield and determine appropriate models that can be used in genetic 
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analysis. In Chapter 4, the effect of pregnancy on daily milk production as both 
progress with lactation was determined. The problem of modelling daily milk pro-
duction was studied in Chapter 5 with the aim of determining factors affecting the 
accuracy of empirical models of the lactation curve and how to account for the effect 
of lactation stage in genetic analysis of test day records. 
In Chapter 6, the phenotypic relationship between yield at different stages of lacta-
tion was studied. This was to establish the covariance structure of yield at different 
stages of lactation and the need to take it into account in genetic analysis of test day 
records. The final investigation (Chapter 7) focussed on the various models available 
for the genetic analysis of test day records. Specifically, this chapter dealt with vari-
ous aspects of genetic analysis of daily records with random regression models using 
a restricted maximum likelihood (REML) approach. The aim was to establish the 
usefulness of the random regression model and the DXMRR REML package in the 
estimation of variance components and prediction of breeding values for individual 
test day records. 
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Chapter 2 
DATA SOURCE, RECORDING AND HANDLING 
2.1 The Genus herd 
Data used in this study were obtained from one herd belonging to Genus Lim-
ited. The herd, which was established as a multiple ovulation and embryo trans-
fer (MOET) project, is located at their Bays-Leap farm, Heddon-On-The-Wall. 
Newcastle- Up on-Tyne, in the North East of England. It was established based on 
the principles of an open nucleus adult MOET scheme (Nicholas and Smith, 1983) 
by Premier Breeders in 1987, and subsequently taken over by the Milk Marketing 
Board of England and Wales (MMB). Genus Ltd., a private company, took over the 
management of the project in 1990 prior to the demise of the MMB. The aim of 
the project was to establish and operate an adult MOET programme based on a 
nucleus herd of 250 Holstein Freisian cows in order to establish a UK dairy herd of 
outstanding genetic merit for efficient commercial milk production, which will act 
as a competitive source of breeding stock for dairy farmers within and outside the 
United Kingdom (Christie et al., 1992; McGuirk, 1997). 
The herd was established by embryo transfer from donor cows mostly in North 
America and Canada. During the establishment phase (1987-1990), the aim was 
to transfer 512 embryos per year using 16 donor cows with each cow expected to 
contribute 32 embryos. These were to result in 16 full sib families with about .8 full 
sisters per family. In subsequent years (Selection phase), it was aimed to flush 32 
donor cows with each contributing 16 embryos. This was to result in 8 full sib families 
and hopefully 4 full sisters per family. In order to keep the accuracy of evaluation 
in the two phases the same, there were also 3 groups of 4 half sisters in addition to 
the 4 full sisters in the selection phase. Detailed description of the establishment 
of the herd and the technical aspects have been reported previously (Christie et al., 
1992). Strathie and McGuirk (1995) recently reported on the performance of the 
herd while McGuirk (1997) described its performance and genetic merit relative to 
the national average. 
Genetic evaluation is done within the herd using pedigree and production informa-
tion from the herd only to estimate PTAs which are converted to a profit index. 
This evaluation is done twice during lactation, firstly in week 8 then in week 12. Su-
perior cows at the initial evaluation are not mated while the inferior ones are rebred 
as soon as possible. Superior animals in the second evaluation (lactation week 12) 
are further assessed for type, temperament and milking speed. Animals which pass 
these tests are used as donors while those that do not meet the selection criteria are 
rebred. Bulls are evaluated based on their sibs' performance while cows are assessed 
based on their performance. 
2.2 Herd management and milk recording 
The herd is managed intensively with the cows housed indoors almost all year round. 
The animals are fed a high quality complete diet made up of 60% silage and 40% 
concentrate as shown in Table 2.1. The animals are penned in groups according 
to parity and lactation stage, and receive the same ration all year round. Cows are 
milked in groups three times daily at about 06.00, 14.00 and 22.00 hrs. The quantity 
of milk produced at each milking is automatically recorded and summed daily to 
obtain daily yields of the cows. In combining individual milkings into daily totals, 
the milking day begins with the 14.00hrs milking and ends with the 06.00hrs milking 
of the following day, hence the total daily yield of the cow on day n comprises the 
two milkings at 14.00 and 22.00 hrs on day n and the 06.00hrs yield on day n+1. 
In recent years (1993 onwards), the actual time of milking is automatically recorded 
along with the yield so that milking speed and interval between milkings could be 
estimated. This was not done for the data used in this study. 
At the end of each week, the data for each cow are summarised and the average daily 
yield for the week is estimated. This information is downloaded and stored in the 
herd production database. Once every week, a sample of the milk produced by each 
cow is collected for testing to determine fat, protein and lactose content and somatic 
cell counts of the test day milk yield. The records available from the data base thus 
include the yield of each cow at each of the three milkings per day, the sum or total 
yield per day, weekly averages of daily milk yield and weekly test day milk yield, 
fat, protein and lactose content as. well as the somatic cell count. This herd thus 
offered data for our study which is not normally available from the various milk 
recording schemes in the country or stored by other farms with similar recording 
facilities. Missing or incorrect information occurred in the herd production records 
due to machine failure, human error in data entry and database management, or 
because a particular cow was not milked due to illness and other natural and man 
made circumstances. As a standard practice in the farm, if the record of a single 
milking out of the three in a day was missing, it was estimated as the mean of the 
available two milkings. If the yield in two or all of the milkings of any day are 
missing, the total yield for that day is defined as missing. 
Table 2.1: Composition of the ration fed to MOET cows 
% 	Complete Diet 
60% Grass silage 
(Whole crop silage) 
40% Concentrates 
55% Dry matter 
35% Dry matter, 
11.5KJ/kg Metabolisable Energy 
Soya 
Maize Germ Extract 
Beet Pulp 
Distillers Dark Grain 
Whole Cotton Seed 
Caustic treated Straw 
Fish Meal 
Minerals 
2.3 Data Structure and Editing 
The data obtained from Genus comprised daily milk yield records and weekly test 
day fat, protein and lactose content. Daily milk yields were averaged weekly to 
obtain one record per week. Any mean obtained from fewer than four daily yields 
per week was discarded and the record for that week was regarded as missing. This 
was to ensure that all averages represented the cumulative yield for the week as 
much as possible. The data comprised some cows (8%) with extended lactations 
beyond the traditional 305 days resulting in a wide range of weekly records per cow 
(5 to 70). For the purpose of this study, lactation was terminated at week 44 for 
cows with records beyond that stage so as to limit our investigation to the standard 
305-day lactation period as much as possible. Records in the first week of lactation 
were discarded because over 90% of all the animals did not have a record in their 
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first week of lactation. The number of records available per cow following this edit 
ranged from 8 to 43 with an average of 38. Table 2.2 shows the distribution of cows 
by the number of records available after further edits discussed later. Weekly fat, 
protein and lactose yield (kg) of each cow were estimated as a product of the milk 
yield on the test day (TDM) and the respective percentage. 







8-14 11 2.3 2.3 
15-20 9 1.8 4.1 
21-25 3 0.6 4.7 
26-30 17 3.5 8.2 
31-35 98 20.1 28.3 
36-39 112 22.9 51.2 
40-42 65 13.3 64.5 
43* 173 35.5 100.0 
* The class of animals with complete records. 
In the first year of the project (1990), calving occurred between June (one animal) 
and December. In subsequent years, calving occurred all year round. Table 2.3 
shows the distribution of cows and records by age at calving while Table 2.4 shows a 
similar distribution by calving season. Each calving season initially comprised two 
consecutive months, within one year, commencing with January. Where a group 
comprised only one or two cows, the seasons were extended. For example, 3 calving 
seasons were established in 1990 as follows; (January - August, September - October 
and November - December). There were 22 season of calving classes and 29 season 
of production classes following the regrouping. There were 11 age at calving classes 
(23 - 33 months). Animals aged 33 to 42 months at calving were grouped together in 
one class because they were few. Other classes had single age groups. Most records 
(64%) were obtained from cows aged between 24 and 27 months at calving while 
32% were from cows aged 28 months or over. There was an average of 427 cows in 
each of the 43 week of lactation classes, ranging from 379 to 474 cows. 
Records which deviated from neighbouring yields by more than 5 standard devia-
tions were defined as outliers and deleted. Such records were assumed to be due to 
avoidable human or machine errors in recording or due to illness of the cow. A total 
of 23 records from 15 cows were discarded this way. Following this edit, cows with 5 
weekly records or less were eliminated. There was no further restriction on number 
and distribution of available records per cow in order to have as many cows in the 
data set as possible. The remaining data consisted of records from 488 heifer cows 
aged between 23 and 42 months and calving between June, 1990 and December, 
1994. The animals were all Hoistein-Freisian and were raised in one herd under 
similar management conditions. Table 2.5 shows the number of records in each pro-
duction season while the number of records available in each week of lactation is 
shown in Table 2.6. Of the expected 20,984 records (488 cows x 43 records per cow) 
per trait, 11.4% of milk yield records were missing. The corresponding proportion 
for fat, protein and lactose content was 11.8, 11.8, and 12.2% respectively. 
About 35% or 158 cows out of the total 488 were flushed at least once during this 
first lactation. Of the 330 not flushed, 223 were pregnant for varying lengths of time 
(ranging from 1 week to 36 weeks) while 107 or 32% of the non flushed cows were not 
pregnant in the first 44 weeks of lactation. 173 cows completed 44 weeks of lactation 
while 315 did not. Reasons for not completing lactation varied and included culling 
due to sale or illness, death of the animal or natural drying off. Table 2.7 shows the 
distribution of cows by their pregnancy, flushing and lactation length status. Several 
sets and subsets of data were derived at each stage of the study depending on the 
objective. In each analysis, missing records were eliminated from the analysis by 
coding them as missing so that all available records from any stage of lactation per 
cows were used. 
Table 2.3: Distribution of weekly records by age at calving 
Age No. of Content traits 
(Months) Cows Milk Fat Protein Lactose 
23 15 575 584 584 582 
24 90 3422 3551 3551 3521 
25 70 2630 2597 2598 2591 
26 84 3361 2999 3000 2999 
27 69 2707 2678 2679 2661 
28 46 1761 1767 1768 1760 
29 32 1132 1190 1190 1188 
30 32 1270 1269 1268 1253 
31 16 547 619 619 616 
32 16 578 616 617 614 
> 33 18 618 643 643 639 
ALL 488 18601 18513 18517 18424 
Table 2.4: Distribution of available records by year and month of calving 
No. of Content 
Class Yr. Months Cows Milk Fat Prot Lact 
904 90 Jun-Aug 32 1237 1309 1310 1307 
905 90 Sep-Oct 36 1356 1395 1396 1395 
906 90 Nov-Dec 25 929 948 947 948 
912 91 Jan-Apr 15 578 595 595 594 
913 91 May-Jun 18 698 640 641 640 
914 91 Jul-Aug 37 1472 1413 1414 1414 
915 91 Sep-Oct 15 447 525 525 525 
916 91 Nov-Dec 35 1155 1364 1364 1364 
922 92 Jan-Apr 23 725 894 894 894 
923 92 May-Jun 37 1192 1520 1520 1514 
925 92 Jul-Oct 27 1101 1086 1086 1073 
926 92 Nov-Dec 19 758 738 738 720 
932 93 Jan-Apr 38 1549 1495 1495 1457 
933 93 May-Jun 13 528 489 489 476 
934 93 Jul-Aug 15 641 573 573 573 
935 93 Sep-Oct 15 635 573 573 573 
936 93 Nov-Dec 11 434 389 389 389 
942 94 Jan-Apr 13 559 487 487 487 
943 94 May-Jun 18 746 637 638 638 
944 94 Jul-Aug 16 654 485 485 485 
945 94 Sep-Oct 16 667 534 534 534 
946 94 Nov-Dec 14 540 424 424 424 
ALL 488 18601 18513 18517 18424 
[ii] 
Table 2.5: Distribution of available records by year and month of production 
Content 
Class Year Months Milk Fat Protein Lactose 
905 90 Jul-Oct 535 518 519 517 
906 90 Nov-Dec 643 614 614 613 
911 91 Jan-Feb 895 781 781 781 
912 91 Mar-Apr 495 817 818 817 
913 91 May-Jun 685 749 749 749 
914 91 Jul-Aug 863 758 758 758 
915 91 Sep-Oct 751 746 746 746 
916 91 Nov-Dec 721 702 702 702 
921 92 Jan-Feb 928 872 873 873 
922 92 Mar-Apr 823 695 695 694 
923 92 May-Jun 558 886 886 880 
924 92 Jul-Aug 333 909 909 909 
925 92 Sep-Oct 859 854 854 854 
926 92 Nov-Dec 709 706 706 705 
931 93 Jan-Feb 669 660 660 660 
932 93 Mar-Apr 843 833 833 833 
933 93 May-Jun 640 638 638 637 
934 93 Jul-Aug 688 679 679 599 
935 93 Sep-Oct 722 636 636 636 
936 93 Nov-Dec 759 750 750 750 
941 94 Jan-Feb 441 365 365 365 
942 94 Mar-Apr 524 469 469 469 
943 94 May-Jun 478 401 401 401 
944 94 Jul-Aug 467 457 457 457 
945 94 Sep-Oct 441 344 344 344 
946 94 Nov-Dec 569 492 492 492 
951 95 Jan-Feb 518 433 433 433 
952 95 Mar-Apr 433 186 187 187 
953 95 May-Oct 611 563 563 563 
ALL 18601 18513 18517 18424 
11 
Table 2.6: Distribution of records by lactation week 
Week Number % Week Number % 
2 480 2.39 23 468 2.33 
3 485 2.41 24 469 2.33 
4 486 2.42 25 466 2.32 
5 486 2.42 26 461 2.29 
6 487 2.42 27 461 2.29 
7 486 2.42 28 461 2.29 
8 486 2.42 29 461 2.29 
9 486 2.42 30 464 2.31 
10 486 2.42 31 463 2.30 
11 484 2.41 32 462 2.30 
12 485 2.41 33 462 2.30 
13 482 2.40 34 455 2.26 
14 483 2.40 35 456 2.27 
15 481 2.39 36 455 2.26 
16 478 2.38 37 456 2.27 
17 477 2.37 38 452 2.25 
18 469 2.33 39 447 2.22 
19 469 2.33 40 450 2.24 
20 474 2.36 41 444 2.21 
21 472 2.35 42 440 2.19 
22 469 2.33 43 431 2.14 
44 420 2.09 
1. The number of records is equivalent to the number of cows contributing records in 
each stage of lactation. 
Table 2.7: Distribution of cows by pregnancy, flushing and lactation length status 
Flushed cows Not Flushed Total 
Pregnant 76 223 299 
Not pregnant 82 107 189 
Total 158 330 488 
Lactation length 
Complete 73 100 173 
Incomplete 85 230 315 
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Chapter 3 
EFFECT OF NON GENETIC FACTORS ON DAILY 
MILK YIELD AND COMPOSITION: 
I. Season, calving age and lactation stage 
3.1 Introduction 
Genetic improvement in animal breeding depends, among other things, on the abil-
ity to select animals based on their genetic rather than phenotypic superiority espe-
cially for poorly heritable traits (Falconer and Mackay, 1996). Performance records 
used in judging individuals or groups of animals are based, however, on the pheno-
typic rather than the underlying genetic value. The challenge of animal breeding 
is thus that of determining the genetic merit of each animal from the phenotypic 
performance of the animal and its relatives. To achieve the above, methods were 
developed for partitioning phenotypic variance into components due to genetic and 
non genetic factors to facilitate the estimation of genetic parameters for a genetic 
evaluation. The ability to estimate the effect of non-genetic environmental factors 
and properly account for them in genetic evaluation is thus essential in animal breed-
ing. A knowledge of the effect of different environmental factors is also important 
for management decisions aimed at providing a suitable production environment for 
the animals. 
Accurate estimation of genetic parameters and breeding values depends on how much 
of the variation due to non genetic factors is accounted for. This too depends on 
the environmental factors recorded and their effect on performance. Environmental 
factors such as the overall herd management, the year and season of calving, age of 
the cow at calving, lactation number or parity, inter calving interval or the number 
of days open during lactation have all been found to have a significant effect on 
305-day milk yield and composition (Syrstad, 1965; Miller, 1973; Danell, 1982a; 
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Keown et al., 1986; Wilmink, 1987a). For individual yields such as test day yields, 
environmental factors specific to each test day such as production season and stage of 
pregnancy are additional sources of variation (Auran, 1973; Danell, 1982a; Wilmink, 
1987b; Sharma et al., 1990; Stanton, et al.,1992; Coulon et al., 1995). In UK 
genetic evaluations, records are pre-adjusted for the effects of parity, age within 
parity, calving interval and month of calving. Herd management effects, sire by herd 
interaction and permanent environment are other factors accounted for by including 
them in the genetic evaluation model (ADC, 1997). 
3.1.1 Age at calving 
The effect of calving age on test day yields has been shown to depend on the calv-
ing month and the stage of lactation (Auran, 1973; Danell, 1982a). The effect 
on 305-day yield also depend on parity and level of production (Wilmink, 1987a). 
Significant interaction between age and calving season has been observed which sug-
gests that older cows are more adversely affected by calving during summer months 
than younger cows (Miller et al., 1970). Age alone accounts for about 41% of the 
total variation in test day milk yield in early lactation but only 2% of the variation 
towards the end of lactation (Auran, 1973). The studies further showed that the 
estimated effect decreased in absolute terms as lactation progressed, changing from 
large negative effects in early lactation to small positive effects in late lactation. 
The foregoing implies that the milk yield of older cows calving in summer months 
will be much less than the yields of younger contemporaries but towards the end 
of lactation, the yield of older cows will slightly increase relative to the yields of 
younger contemporaries. 
The percentage increase in milk yield of old cows, compared to the mean, towards 
the end of lactation was shown to be much less than the percentage decline in early 
lactation (Auran, 1973). This suggests that on average, the cows calving at a later 
age were loosing a higher proportion of their total milk than younger contemporaries. 
However, both daily and 305-day milk yield increase with age (Auran, 1973; Danell, 
1982), which means that the overall output of cows calving at mature ages may be 
higher than cows calving early. Wilmink (1987a, 1987b) showed that the increase 
in yield with age was linear only  for cows in their third or later parities. For first 
and second lactation cows, a quadratic effect of age was found suggesting that the 
increase in first lactation yield with age had a peak age. The implication of the above 
is that cows which start their first lactation very young or very old will produce less 
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milk that those starting at some mid range mature age. The regression coefficient 
for the linear age term was positive, while the coefficient for the quadratic term 
was negative, for low and medium producing cows, but the reverse was the case for 
high yielding cows (Wilmink, 1987a) suggesting a higher positive effect on older high 
yielding cows. In a repeatability model, the interest will be on the average effect of 
age on milk yield across lactation which may be different from the known effect on 
305-day or individual test day yields. 
In a study of one commercial herd, Hodges and McGuirk (1996) observed that age at 
first calving had a significant effect on first lactation yields but not on later lactation 
yield. The estimated regression effects for total lactation as well as test day milk 
yields had positive linear and negative quadratic terms. For test day yields, the 
effects decreased as the test number increased. Recent studies in the US (Norman 
et at., 1995) showed that seasonal and regional variations in the effect of calving age 
were also important. Meyer et at., (1989) suggested fitting age at test rather than 
age at calving for test day records but others (Kachman and Everett, 1989; Stanton 
et at., 1992) showed this was not necessary because age at test was a function of age 
at calving and lactation stage. 
3.1.2 Calving month 
Generally cows calving in the summer months or between July and September have 
been shown to produce less milk than animals calving between November and Febru-
ary (Danell, 1982a; Norman et at., 1995). Auran (1973) indicated that the effect of 
calving month on monthly and cumulative monthly yields was less than the effect 
of age. Unlike age however, calving month had a higher effect in later stages of 
lactation than in early lactation. The effect of calving month may vary between 
herd and years hence recent studies classify records according to herd year and sea-
son of calving because of the significant.interaction between them (Swalve, 1995b). 
With test day records, herd year season of test can be fitted rather than herd year 
season of calving. While some authors believe fitting season of production alone was 
sufficient (Wood, 1976), others suggest that more variation may be accounted for 
by fitting both (Grossman et at., 1986). Pander et al.(1992) showed that modelling 
season of production in terms of herd month of test was better than fitting herd 
month of calving season. The use of test day models implies that the effect of the 
season specific to individual test days can be accounted. A detailed review of various 
models and ways of accounting for seasonal variation of test day records has been 
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reported (Swalve, 1995b). 
3.1.3 Lactation stage 
Lactation stage has been recognised as the single most important environmental 
factor causing variation between test day records within lactation (Swalve 1995b). 
Milk production generally follows a curvilinear relationship in the course of lactation. 
It increases intially to a peak at about 6-9 weeks of lactation then decreases till the 
end of lactation. In their review, Sharma et at. (1990) reported that higher milk 
yields in early lactation were associated with low fat and protein percentages while 
fat and protein concentrations increase as milk yield declines towards the end of 
lactation. The negative association between milk yield and the concentration of fat 
and protein means that for the same amount of milk (kg) low yielding animals will 
produce more fat and protein than high yielding animals. Hence the overall quantity 
of fat and protein yield (kg) will depend on the overall quantity of milk produced 
daily. 
3.2 Objectives 
The reported effects of the above environmental factors have been based on studies 
involving test day yields as independent traits or on total lactation yield. In a 
repeatability test day model, test day yields are considered as repeated measures of 
the same trait. The object of interest then is the average effect of the environmental 
factors on yield across lactation stage. The objective of this study is to estimate the 
effect of various environmental factors on daily milk yield and composition with a 
repeatability modeL The study also aims at determining the most efficient method 
of modelling seasonal variation so as to account for the effect of both short and long 
term environmental effects on daily milk yield and composition 
16 
3.3 Materials and Method 
3.3.1 Comparison of models 
Weekly records of 488 cows in their first lactation were obtained and edited as 
described in Chapter 2. The traits analysed included milk yield, total solids (TS) 
content, fat, protein and lactose content as well as their corresponding yields (kg). 
In this and subsequent chapters, test day milk yield is used to refer to the weekly 
averages of daily milk yield, while test day fat, protein and lactose percentages refer 
to the tests of a single 24hr milk sample in each lactation week. A repeatability model 
was used in the analysis of variance. In separate analysis, the models included either 
the season of calving (YMC model) or the season of production (YMP model) as 
fixed terms. Other factors included as fixed effects in the model were the age at 
calving and lactation stage. The cow was not included in this model because the 
interest was to determine the significance of the non genetic factors. Sub models in 
which one of the factors above was eliminated at a time were compared with the full 
model to determine the relative importance of each factor. This was estimated as 
the difference in residual sum of squares of the two models expressed as a percentage 
of the total sum of squares. The basic model was: 
(3.1) 
Where 
Yj 3 kl corresponds to Milk, fat, protein and lactose yields and content traits as 
well as TS 
U is the overall mean plus the effect of the first level of each factor in the 
model. 
A 2 is the effect of the age at calving, S is the season effect modelled either as 
calving (YMC) or production (YMP) season and Wk is the effect of lactation 
stage (week). 
€ijki is the random error term. 
Interactions between age and lactation stage, age and season and between lactation 
stage and season were subsequently added one at a time to the fixed model to deter- 
mine their relevance. Also the effect of fitting age and lactation stage as covariates 
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on the residual standard deviation for milk yield was investigated with alternative 
models by replacing the terms in the basic model (equation 3.1) with appropriate 
covariates. For lactation stage, polynomials regressions up to the order of 4 were 
used to model the effect of lactation stage and compared with a 5 parameter stan-
dard lactation curve described by Ali and Schaeffer (1987). The alternative models 
were as follows: 
Model 1 (Age as linear and quadratic covariate) 
Yijki = U + b1 a1 + b 2 a2  + YMPJ + WKk + Eijkl 
Model 2 (Lactation week stage as linear and quadratic covariate) 
Yijkl = U + b1w + b2w + AGE3 + YMPk + Eijkt 
Model 3 (As 2 plus a cubic term) 
Yijkl = U + b1w + b2 w + b3w + AGEJ + YMPk + ijk1 
Model 4 (As 3 plus a quartic term) 
Yijkl = U + b1 w 2 + b2 w + b3w + b4w + AGE3 + Y!v[Pk + fijkl 
Model 5 (Lactation curve model of Ali and Schaeffer, 1987) 
Yijkl = U + b1 w + b 2 w 2 + b3 logw + b4(109w) 2 + AGE3 + YMPk + Eijkl 
For all models above: 
AGE, YMP and WK refer to calving age, production season and lactation 
week respectively fitted as factors. 
a and w refer to age and lactation week respectively fitted as covariates. 
b1 are the regression coefficients, U is the constant term while € is the random 
error term 
3.3.2 Estimation of fixed effects 
Fixed effects were estimated by Restricted maximum likelihood (REML) without 
pedigree information using the basic model (equation 3.1). The season of production 
was fitted instead of the season of calving while age and lactation week were included 
as factors rather than as covariates. The model also included the cow as a random 
term to account for the variation in yield that may be due to genetic and permanent 
environmental causes. Solutions were obtained for all fixed terms in the model. The 
effect of the first level of each factor was absorbed into the constant term so that 
estimated effects for all other levels of each factor were compared to the mean of the 
first level. A negative estimate therefore implies that the mean for that level was 
less than the mean for the first level while a positive estimate implies the opposite. 
Yijklm = U + A + S + Wk + a3k1 + fijklrn 	 (3.2) 
All terms in this model are as defined earlier for equation 3.1 except that S 3 here 
refers to the season of production (YMP) while akI  is the random effect of the cow. 
3.4 Results 
3.4.1 Summary statistics 
Table 3.1 shows overall mean and related summary statistics for all traits. The 
residual standard deviation (RSD) was estimated as the square root of the residual 
mean square of the basic model (equation 3.1) with season modelled as YMP. Daily 
milk yield averaged about 29kg/day. About 42% of the cows in the herd averaged 
less than the mean while 21% averaged over 32kg/day. The average fat content was 
about 39g/kg of milk and was the most variable of all the content traits followed 
by protein content, as indicated by their coefficients of variation. Lactose content 
was the least variable and also made up the highest proportion of daily milk yield 
with a mean of about 49g/kg of milk. The sum of all the solid components made 
up about 12% of milk yield by weight. Weekly fat, protein and lactose yields (kg) 
were generally more variable than their respective percentages as the coefficient of 
variation shows. This high variance was mostly due to the high variation in test day 
milk yield from which they were derived. 
3.4.2 Analysis of Variance 
Analysis of variance showed that the season of calving (YMC), season of production 
(YMP), age at calving and lactation stage (WK) all had a significant effect (P < 
0.05) on each trait analysed. The proportion of variance explained (R2 ) by the YMC 
model was 30.5% for milk yield. This increased by 1.5% for the YMP model. Table 
3.2 shows the residual mean squares for all traits and the proportion of variance 
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Table 3.1: Overall summary of weekly milk yield and composition traits 
Trait Nrec MEAN SD RSD MIN MAX CV 
Milk (kg) 18587 29.2 5.76 4.75 5.2 46.30 19.7 
FC (g/kg) 18497 39.0 5.73 5.13 10.1 67.8 14.7 
PC (g/kg) 18501 34.3 2.73 2.14 21.8 47.9 8.0 
LC (g/kg) 18408 48.8 1.60 1.42 40.2 55.6 3.3 
TS (g/kg) 18402 122.1 7.24 4.11 85.5 157.2 5.9 
FY (kg) 17948 1.12 0.22 0.25 0.03 2.38 19.4 
PY (kg) 17952 0.99 0.18 0.21 0.05 1.76 18.4 
LY (kg) 17867 1.43 0.30 0.32 0.17 2.44 21.3 
FC=Fat content, PC=Protein content, LC=Lactose content, TS=Total solids 
content, FY=Fat yield, PY=protein yield and LY=Lactose yield. 
Nrec=Number of records, SD=standard deviation, RSD =residual standard 
deviation estimated from YMP model without interaction term CV=coefficient 
of variation. 
in each trait explained by the two models. The results indicate that classifying 
seasonal variation in terms of year and month of production (or test) allows more 
environmental variation to be accounted for compared to fitting YMC. Subsequent 
analysis and presented results were therefore based on the YMP model because it 
was superior to the YMC model in explaining seasonal variation. A summary of the 
analysis of variance table for each traits is presented in Table 3.3 showing the degrees 
of freedom (DF) and mean squares for each source of variation. The Residual mean 
squares for each trait in this table are different from the ones in Table 3.2 because 
of the additional effect of the interaction between calving age and production season 
accounted for in the latter case. 
Table 3.2: Effect of fitting calving versus production season on residual mean squares 
of all traits using the basic models 
Type Trait 




Milk 22.6 23.1 32.0 30.5 
Yield Fat 0.065 0.072 20.6 11.5 
(kg) Protein 0.046 0.052 24.4 13.8 
Lactose 0.103 0.115 30.9 22.6 
Content Fat 26.3 26.8 20.4 18.7 
(g/kg) Protein 4.59 4.93 38.9 34.3 
Lactose 2.03 2.02 21.0 21.5 
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With a very large number of observations, small differences between factor levels 
usually give highly significant tests making it difficult to determine which factors 
are important. The relative importance of each term in the model in this study 
was estimated as the difference in the residual sum of squares of the full model and 
sub models in which one factor at a time was excluded. This difference, expressed 
as a percentage of the total sum of squares, gives an indication of the proportion 
of variation accounted for by the missing factor in the full model. The relative 
importance of the environmental factors in this study are presented in Table 3.4. 
The results show that lactation stage was the most importance source of variation 
for all traits studied. It reduced total sum of squares for milk yield and protein 
content by over 20%. For all traits except fat yield, lactation stage was responsible 
for over 50% of explained variation followed by production season, which accounted 
for between 5 and 10% of the total sum of squares for each trait. Calving age was 
the least important of the main effects. Its exclusion resulted in a loss of less than 
1% in explained variation in milk and lactose yield and between 1 and 3% for the 
remaining traits. 
The interaction between age and production season was significant and explained 
between 5 and 7% of the total variation of each trait. This was higher that the 
proportion of variance due to calving age as a main effect. The interaction between 
age and lactation stage was not significant suggesting no significant difference in 
the shape of the lactation curve of cows calving at the different ages in this study. 
Including milk yield as a covariate for the content traits significantly reduced their 
residual sum of squares by 15, 11 and 1% for fat, protein and lactose contents 
respectively. Corresponding values for fat, protein and lactose yield were 27, 52 
and 54% indicating that most of the variation in the weekly protein and lactose 
Table 3.3: Error mean squares for different sources of variation for all traits 
Trait 
DF 
Sources of variation 
AGE YMP WK 








Milk 579 1741 3365 147 20.9 18070 37 
FC 2090 1102 1333 105 25.0 16463 23 
PC 279 631 692 28 4.2 16463 44 
LC 66 118 108 12 1.8 16463 26 
TS 2947 1681 2662 200 38.6 16463 26 
FY 3.02 2.95 1.44 0.17 0.03 16234 27 
PY 0.96 1.99 1.30 0.12 0.02 16234 27 
LY 1.15 4.28 8.23 0.34 0.06 16234 37 
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yield was due to the quantity of milk produced and will thus be subject to factors 
which influence milk yield. Generally, the results indicate that a high proportion of 
variance for most traits, especially milk yield, was not explained by the factors in 
this model. This means an equivalent proportion of variation in the respective traits 
was due to other factors not considered in this analysis. 
3.4.3 Alternative models 
Table 3.5 shows the elements of alternative models treated as covariates and the 
effect on the residual mean squares and proportion of variance explained by the 
basic YMP model. All estimates were obtained by fitting the models to milk yield 
data. The results show that the model 5 which used a standard lactation curve 
function to account for the effect of lactation stage was as good as the basic model 
(equation 3.1) which included all terms as factors. Model 5 explained about 1% 
more variation in milk yield than model 4 which used ordinary polynomials. The 
proportion of variance explained by Models 2 and 3 were about 4 and 37o less 
than the basic model respectively. This suggests that high order polynomials will 
be required if the effect of lactation stage on milk yield is to be accounted for 
with ordinary regressions. Residual standard deviations increased by 0.2kg while 
R2 declined by 0.5% when age was included in the model as a linear and quadratic 
covariate suggesting that the effect of calving age within lactation could be modelled 
with a quadratic or higher order polynomial regression. 
Table 3.4: Percentage reduction in total sum of squares due to each term 
Trait Full AGE YMP WK AGE.YMP 
Milk yield 38.1 0.9 5.1 23.1 6.0 
Fat content 24.4 2.5 7.6 10.3 4.8 
Protein content 44.7 1.4 10.5 23.0 5.5 
Lactose content 27.3 1.5 6.2 10.9 6.9 
Total solids 27.2 2.3 7.0 12.8 5.7 
Fat yield 28.7 2.8 6.9 8.1 5.6 
PrOtein yield 28.5 1.4 9.9 10.5 5.5 
Lactose yield 37.8 0.8 5.2 23.2 5.7 
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3.4.4 Fixed effects 
Production season 
Table 3.6 shows the estimates of the least square effects and the mean of their 
standard errors for all traits studied. These consist of the specific short term (2 
months) effect of the environmental conditions at test on the individual records as 
against the general effect of calving season. All estimates are relative to the first 
production season. Corresponding least square means are plotted in Figures 3.1 and 
3.2. Generally, there was no consistent trend in the yield between months within 
year of production but there was an obvious trend in the variation between years. 
Yields generally declined between 1991 and 1993 and increased thereafter. This 
trend was consistent with the observed effect of calving season when we consider the 
lag between calving and production seasons. 
Year effects on fat content were all negative implying that fat content generally 
decreased over the years especially in 1994 and 1995 compared to earlier years. The 
observed trend was consistent with observed milk yield during the same period, in 
that fat content increased when milk yield decreased and vice versa. The lowest 
fat content was recorded in 1995 when milk yield was highest. Most estimates for 
protein yield were positive even though there was a tendency for protein content to 
decrease as milk yield increased over the years. This is obvious in the least square 
means plotted in Figure 3.2. Lactose content varied in accordance with milk yield 
until 1994 when lactose content decreased even though milk yield increased. The 
estimates of the effect of production season on fat yield suggest a general decrease 
over the years. Protein and lactose yield on the other hand decreased between 1992 
and early 1994 and increased afterwards. 
Table 3.5: Effect of different models on residual standard deviation of milk yield 
Model R2 MSE RSD Covariates 
Basic 32.0 22.6 4.76 none 
1 31.5 22.8 4.78 A, A 2 
2 27.8 24.0 4.90 WK, WK 2 
3 29.1 23.6 4.86 WK WK 2 , WK 3 
4 30.9 23.0 4.79 WK WK 2 , WK 3 WK 4 
5 31.9 22.6 4.76 WK, WK 2 , log(WK), (log(WK)) 2 
A = calving age, WK=lactation week 
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Table 3.6: Least square estimates of the effect of year and month of production on 
all traits 
Season Milk FC PC LC TS FY PY LY 
905 29.89 42.63 33.23 48.84 124.8 1.25 0.97 1.43 
906 -0.07 -2.22 0.77 0.37 -1.09 -0.070 0.027 0.014 
911 -0.37 -1.57 1.00 0.78 0.20 -0.054 0.034 0.018. 
912 -0.56 -1.78 0.79 -0.01 -1.01 -0.061 0.017 -0.022 
913 0.49 -3.49 2.20 0.20 -1.10 -0.086 0.093 0.032 
914 0.91 -4.63 1.89 0.55 -2.19 -0.092 0.109 0.083 
915 0.77 -4.07 1.86 0.47 -1.78 -0.073 0.115 0.090 
916 0.91 -2.58 2.05 0.42 -0.07 -0.032 0.109 0.070 
921 0.47 -2.49 2.06 0.52 0.11 -0.040 0.099 0.059 
922 -0.48 -3.21 1.05 0.14 -1.97 -0.089 0.041 0.008 
923 -1.52 -3.00 0.08 -0.02 -2.90 -0.094 0.005 -0.014 
924 -3.84 -3.08 0.89 0.14 -1.99 -0.218 -0.086 -0.167 
925 -4.79 -1.00 2.16 -0.80 0.42 -0.217 -0.093 -0.241 
926 -4.80 -1.00 2.50 -0.74 0.81 -0.201 -0.073 -0.222 
931 -2.93 -1.99 1.07 -0.35 -1.21 -0.170 -0.059 -0.138 
932 -2.75 -2.45 0.76 -0.72 -2.35 -0.184 -0.064 -0.146 
933 -2.23 -2.96 0.42 -0.45 -2.94 -0.161 -0.041 -0.097 
934 -2.15 -2.73 0.42 -0.67 -2.71 -0.153 -0.041 -0.108 
935 -2.69 -2.91 1.04 -0.67 -2.46 -0.176 -0.036 -0.120 
936 -2.16 -3.04 1.37 -0.09 -1.68 -0.146 -0.001 -0.072 
941 -1.77 -4.67 0.05 -0.55 -5.11 -0.179 -0.027 -0.070 
942 -1.75 -4.81 -0.43 -0.17 -5.36 -0.181 -0.037 -0.058 
943 0.44 -7.70 -0.49 0.15 -8.04 -0.174 0.043 0.065 
944 1.27 -7.77 1.03 0.11 -6.65 -0.154 0.110 0.092 
945 0.89 -4.57 2.44 -0.05 -2.23 -0.046 0.160 0.093 
946 0.81 -4.47 1.33 -0.12 -3.32 -0.049 0.115 0.078 
951 1.03 -4.95 0.48 -0.02 -4.55 -0.041 0.109 0.106 
952 1.08 -4.42 0.47 -0.64 -4.68 -0.147 0.111 0.092 
953 3.06 -7.78 -0.12 0.36 -7.61 -0.043 0.161 0.204 
SE 0.31 0.38 0.15 0.10 0.46 0.014 0.011 0.177 
The first 2 numbers in column 1 refer to the year while the last number rep-
resent the two monthly classes e.g. 1 for Jan/Feb and 6 for Nov/Dec. 
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Figure 3.1: Least square means of yield traits by year and month of production 
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Figure 3.2: Least square means of content traits by year and month of production 
Age at calving 
There was no significant difference in the trend of the effect of calving age on milk 
yield when seasonal effects were modelled as YMC or YMP but the actual estimates 
differed. Estimates obtained from the YMP models are presented in Table 3.7 while 
the least square means are plotted in Figure 3.3 and 3.4. The estimated effects 
represent the deviation of the least square mean for each age from the mean of 
cows aged 23 months at calving. Generally milk yield was lower for cows aged 
between 25 and 30 months at calving. The results suggest that high order polynomial 
regressions will be required to adequately model the effect of age within lactation in 
a repeatability test day model. 
Fat content was higher for cows over 28 months old at calving than younger cows. 
The effect of age on protein content was less than the effect on fat content. How-
ever, both traits increased as milk yield decreased in accordance with the negative 
relationship with milk yield. Cows aged 27 months at calving had the highest pro-



























content and followed the same pattern. There was very little variation in fat, protein 
and lactose yield with age. The estimates changed from negative to positive as age 
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Figure 3.3: Least square means of yield traits by calving age 
3.4.5 Stage of lactation 
Least square estimates of the effect of lactation stage on milk yield and its component 
traits are plotted in Figure 3.5. Mean milk yield in lactation week 2 was 25.9kg/day. 
This increased by about 8kg or 31% in 5 weeks to a peak of about 34kg/day in 
the 7th  week of lactation. This corresponds to a weekly rate of increase in daily 
milk yield of 1.33kg in the first 7 weeks of lactation. Daily yield declined at the 
rate of 0.3kg per week between lactation weeks 7 and 44 resulting in a total decline 
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Figure 3.4: Least square means of content traits by calving age 
production. 
Fat, protein and total solids content declined in the first few weeks of lactation and 
increased afterwards which was the opposite of the trend in milk yield and lactose 
content. Fat content declined by about 8g/kg in the first 7 weeks of lactation from 
a mean of 44g/kg in lactation week 2. Mean protein content in week 2 was 36g/kg 
this declined by about 4g/kg in week 7. Lactose content on the other hand increased 
by 3g/kg from a mean of 46g/kg in the first 7 weeks of lactation. The least square 
estimates for fat content were all negative implying that milk yield in the first week 
of lactation had the highest fat content compared to milk produced in later weeks 
of lactation. Estimates for protein content on the other hand became positive from 
week 36, suggesting that protein content of milk produced in the last 2 months of 
the standard lactation was higher than the content in milk produced in earlier stages 
of lactation. Estimated effects on lactose content followed the same pattern as milk 
yield meaning that the lactose content of milk increased as milk yield increased in 
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Table 3.7: Least square constants of the effects of age at calving on weekly milk 

















23 30.24 37.34 33.98 48.83 120.1 1.11 1.01 1.46 
24 -0.76 -0.61 -0.24 0.00 -0.88 -0.041 -0.031 -0.035 
25 -2.57 2.59 0.75 -0.26 3.10 -0.026 -0.064 -0.128 
26 -1.86 2.01 0.91 -0.15 2.80 -0.025 -0.045 -0.098 
27 -0.51 1.34 0.29 0.08 1.70 0.026 -0.007 -0.020 
28 -1.30 2.56 0.86 -0.63 2.79 0.034 -0.017 -0.076 
29 -1.44 1.48 0.36 -0.17 1.67 -0.018 -0.045 -0.074 
30 -0.66 1.59 0.32 -0.20 1.71 0.036 -0.008 -0.030 
31 -0.91 2.21 0.77 -0.16 2.81 0.028 -0.014 -0.045 
32 -0.36 2.78 1.49 -0.65 3.60 0.065 0.030 -0.033 
33 -0.08 3.08 0.68 -0.31 3.37 0.101 0.020 0.002 
SE 1.115 0.984 0.461 0.283 1.35 0.036 0.032 0.055 
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Figure 3.5: Least square estimates of the effect of lactation stage 
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Fat, protein and lactose yield increased initially peaking in week 5 for fat yield and 
week 7 for protein and lactose yield respectively. Yields subsequently decreased as 
lactation progressed beyond the above peak weeks. Estimated effects for fat, protein 
and lactose yields were negative from week 19, 37 and 40 respectively implying that 
their yield dropped below the yield in week 2 from these lactation weeks for the 
respective traits. 
3.5 Discussion 
This study investigated the effect of calving and production seasons, age at calving 
and stage of lactation on milk yield and composition using a model in which yields 
at different stages of lactation were considered as repeated measures of the same 
trait. The emphasis was therefore on the overall performance of the animals across 
lactation stage. Estimates of the least square effects presented here may therefore 
differ from previous estimates which considered the effect of environmental factors 
on individual yields at specific stages of lactation and different parities (Auran, 1973, 
Danell, 1982a, Wilmink, 1987a and 1987b; Baffour-Awuah et al., 1996). 
Average milk production of this herd was higher than the mean test day yield 
from other studies (Pander et al., 1992) including test days yields in a later par-
ity (Baffour-Awuahet al., 1996) in the UK. The average lactose content compares 
with reported values from North America (Welper and Freeman, 1992) while fat and 
protein yield and content were higher than the UK averages (Pander et al., 1992; 
Baffour-Awuah et al., 1996). This high level of production of the MOET nucleus 
herd, which is above the national average in terms of genetic merit (McGuirk, 1997), 
reflects both genetic progress in the herd as well as differences in feeding and man-
agement between the Genus herd and the average UK herd. Also, the influence of 
sampling deviation is present because on the one hand, this data were for heifer 
lactations between 1990 and 1994 while the UK averages above were obtained from 
records of tests taken between 1988 and 1990 for several parities. Secondly the total 
number of cows in this study was very small compared to the above studies. 
The observed effect of season in this study suggests that only long term variation be-
tween years was important. There was no consistent pattern in short term variation 
neither was it obvious that animals calving between June and September produced 
more milk than winter calvers as others have observed (Auran, 1973, Danell, 1982a, 
Wilmink, 1987a and 1987b; Norman, 1995). A seasonal effect on milk yield is mainly 
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due to seasonal variation in feed and management (Syrstad, 1965; Wood, 1969). The 
observed trend in this study can therefore be attributed to two reasons. Firstly, all 
animals were housed indoors and fed a similar ration all year round, so there will 
be minimal variation in feed and management practices in the short term, but there 
may be significant variation in feed composition and quality and other management 
practices over the years. Secondly, definition of season in this study is different from 
the definition used in most other studies while the models also vary. Furthermore, 
no account was taken in this study, of the fact that animals calving in each year were 
a different sample of animals and, since this was an open nucleus MOET herd, prob-
ably genetically superior animals. It is possible therefore, that some of the observed 
annual variation reflects the genetic trend within the herd. 
Residual mean squares or residual variance of each trait was smaller when season of 
production was included in the model instead of the season of calving in this study 
indicating that fitting the season of production removed more variation. Other stud-
ies have reached similar conclusions (Pander et al., 1992; Stanton et al., 1992). The 
season of production, as defined in this study, accounts for environmental conditions 
specific to each record, which may vary within lactation. The calving season on 
the other hand accounts only for environmental conditions common to all records 
of each cow. In variance component estimation, defining contemporary groups as 
herd test dates was found superior to grouping based on herd year month of calving 
(Meyer et al., 1989; Ptak and Schaeffer, 1993; Swalve, 1995a). While some have 
suggested that both seasons should be fitted in test day models (Grossman et aL, 
1986), others (Wood, 1976; Pander et al., 1992) have shown that fitting month of 
production alone also account for variation due to calving season hence sufficiently 
accounted for seasonal variation in yield. 
The observed effect of age at calving on milk yield and composition in this study was 
not a positive linear effect as suggested in several studies (Auran, 1973; Freeman, 
1973; Miller, 1973; Norman et al., 1995). These studies considered age across parity 
while the effect of age on yield within one parity was estimated in this study. Norman 
et al. (1995) has however reported that parity was not responsible for the observed 
effect of age on yield. The records used in this analysis included a group of cows that 
were being flushed and a group that were not pregnant during the first 44 weeks of 
lactation. Either of these factors, which was not accounted for in the model, could 
affect the observed effect of calving age in this study. 
Generally, age is included in models as a first and second order covariable. Meyer 
et al. (1989) suggested that age at test should be fitted with repeatability models 
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3.6 Conclusion 
Stage of lactation, season of calving, season of production and age at calving are 
important environmental factors which influence variation in daily milk production 
and composition. Lactation stage was the single most important factor that must 
be adequately accounted for if test day yields at different stages of lactation are 
to be considered as the same trait. In a repeatability model, more environmental 
variation can be accounted for by including the season of production instead of the 
season of calving in the model while the effect of calving age can be accounted for 
with a quadratic regression. 
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Chapter 4 
EFFECT OF NON GENETIC FACTORS ON DAILY 
MILK YIELD AND COMPOSITION: 
II. Gestations stage 
4.1 Introduction 
4.1.1 Accounting for pregnancy effect 
Pregnancy has long been known to cause a significant decline in milk yield of dairy 
cattle, especially from the fifth month of gestation onwards (Gowen, 1924; Ragsdale 
et al., 1924; Erb et al., 1952a; Coulon et al., 1995), but its effect is not currently 
accounted for directly in genetic evaluations. Instead, adjustments are made for 
variation in inter-calving interval (CI) or days open (DO) (Schaeffer and Hender-
son, 1972; Auran, 1974; Oltenacu et al.,1980; Danell, 1982a; Weller et al.,1985; 
Brotherstone, 1987; Funk et al.,1987; Marti and Funk, 1994), which are assumed 
to account indirectly for the effect of pregnancy. Days open refers to the interval 
between calving and conception and hence determines for how long during lactation 
the individual was pregnant. It depends, among other things, on the farmer's deci-
sion as to when to rebreed a particular cow and the ability of the cow to get pregnant 
when that decision has been made. Calving interval on the other hand measures 
the interval between consecutive calvings and can be derived as the number of days 
open plus the number of days pregnant. 
Although CI and DO are related to the length of the pregnancy in each lactation, 
their use in accounting for the effect of pregnancy is questionable for several reasons. 
For example, CI comprises the combined effect of days open, days dry and gestation 
stage each of which has a specific and distinguishable effect on milk production 
(Wood, 1985; Brotherstone, 1987; Funk et at., 1987; Coulon et at., 1995). Also CI 
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is usually not known until the subsequent calving occurs which then necessitates 
retrospective adjustment of records. Its effect on yield in subsequent lactations 
depends mostly on the number of days dry (Wood, 1985), which may vary for the 
same calving interval. Furthermore, lower yields cause longer dry periods which 
means that days dry is partly genetic. Adjustment for the effect of days dry could 
therefore lead to under-estimation of the true genetic difference between individuals. 
This implies little use for CI as a measure of pregnancy effect especially when genetic 
evaluations are to be based on first lactation yields or records in progress. 
In most herds, calving dates are more accurately recorded than conception dates, 
hence calving intervals are more accurately recorded than days open. Most models 
fitted to estimate the effect of days open assume that all animals have an equal chance 
of getting pregnant. No account is taken of the possibility that higher yielding 
cows may have longer days open either because of the subjective decision of the 
breeder, or their inability to get pregnant. Fitting days open also does not take 
into consideration animals that may abort a few months after conception, while 
adjustment factors based on CI and DO (Brotherstone, 1987; Danell, 1982a; Funk 
et at., 1987; Makuza and McDaniel, 1996) assume a constant effect of pregnancy 
across gestation stage which is contrary to the reported trend (Erb et at., 1952a; 
Coulon et at., 1995). Adjusting lactation yields for pregnancy effect with factors 
obtained from such models may therefore be biased. For example, the total yield 
of a cow which aborts shortly after conception will not be affected by the adverse 
effect of pregnancy on yield in the later stages of lactation (Danell, 1982a), or the 
more significant effects of later stages of pregnancy on daily yield (Coulon et at., 
1995), yet this effect will be corrected for if adjustment factors based on days open 
are applied. For such an animal, fitting calving interval will also be biased as the 
terminated pregnancy may have some adverse effect on yield at that stage which 
will be ignored if the final inter calving interval is used to determine the effect of 
pregnancy on total yield. 
4.1.2 Effect of CI and DO on 305-day yields 
Calving interval and days open are environmental factors with a global effect on 
yield which makes them useful in genetic evaluations based on total lactation yields. 
Brotherstone (1987) observed that correcting yields for the effect of CI also accounts 
for the effect of the number of days dry, supporting the observation of Wood (1985) 
that the effect of CI depends on days dry. In heifer lactations, modelling the effect of 
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DO with linear and quadratic regressions indicated that milk, fat and protein yield 
increased by 3.85kg, 0.13kg and 0.12kg respectively for each day increase in calving 
interval (Brotherstone, 1987). In a study which included previous and present days 
open simultaneously in the analysis of 305-day yield (Funk et al., 1987), it was 
observed that milk and fat yields increased by 1350 and 45kg respectively when the 
number of days open in the current lactation increased from 20 to 300 days. This 
was equivalent to an increase of 4.8kg and 0.16kg per day open respectively for milk 
and fat yield. The number of days open in the previous lactation had a smaller 
effect on both traits. 
Weller et al. (1985) based their analysis on annual milk yield and used a model 
which included peak milk yield to remove variation that may be due to the level 
of production and the interaction between peak yield and number of days open. 
Unlike most studies, they did not assume that all cows had an equal chance and 
ability to get pregnant. Animals were grouped into 8 days-open classes each made 
up of a 15 day period. They reported that increasing the number of days open 
from 30 to 90 increased annual milk yield by 242kg and fat yield by 13.8kg. This 
is equivalent to an increase of about 4.0 and 0.2kg per additional day open for milk 
and fat yield respectively. Contrary to expectation however, cows open for between 
121 and 150 days produced 12kg less milk than cows which got pregnant earlier, 
i.e. open for 76-90 days. Such complications may arise where cows assumed to be 
pregnant from an early stage of lactation actually aborted. Generally, the indication 
is that cows open for longer periods during lactation produced more milk than cows 
open for shorter periods (Schaeffer and Henderson, 1972; Auran, 1974; Oltenacu 
et al., 1980; Danell, 1982a; Genizi et al., 1992). While most agree that there was 
significant parity difference in these effects (e.g. Weller et al., 1985), Funk et al. 
(1987) concluded that there was no difference between parities on the effect of days 
open on milk yield. 
4.1.3 Effect of CI and DO on test day yields 
Most of the studies cited above estimated the effect of CI and DO on 305-day yield 
or similar cumulative yields. Danell (1982a) on the other hand, studied the effect 
of days open on individual test day yields while Auran (1974) estimated the effects 
on cumulative test day yields as well. Danell (1982a) observed that the effect of DO 
was more on test day yields in later stages of lactation but surprisingly obtained a 
negative estimate for test day 1 when we should expect no pregnancy effect whatso- 
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ever. This suggests that cows that got pregnant much earlier in lactation were the 
poorer yielding cows. Estimates of the effect of DO on test day yields were -0.20, 
-0.52, -1.35 and -5.20kg for TD 1, 5, 8 and 10 respectively for cows that became 
pregnant between 51 and 60 days after calving. The estimates for the same test 
days were lower for cows which became pregnant much later. This suggests that the 
effect of pregnancy depends on the gestation stage of the individual at test. It also 
shows that there may be an interaction between gestation and lactation stage on 
test day milk yield suggesting the need to fit the effect of gestation stage directly in 
test day models. 
A range of times have been reported for the onset of a significant decline in milk 
yield due to pregnancy ranging from the 1 1' to the 5 th  month of gestation (Auran, 
1974; Bar-Anan and Genizi, 1981; Danell, 1982a; Sharma et al., 1990; Coulon et al., 
1995). These studies all agree however that pregnancy beyond 5 months has more 
adverse effect on daily yield than the effect of the first few months of gestation. For 
example test day milk yield has been shown to declined by as much as 3 to 4kg in 
the 7th month of pregnancy irrespective of the yield level of the cow (Bar-Anan and 
Genizi, 1981; Coulon et al., 1995). While milk yield generally declines as pregnancy 
progresses, fat and protein concentrations have been shown to increase from the third 
month of gestation (Sharma et al., 1990). Also, a significant interaction between 
lactation and gestation stage has been reported (Sharma et al., 1990), which explains 
the effect of DO on test day yields reported by Auran (1974). 
The onset of significant decline in milk yield has been shown not to depend on 
the cow's level of production or genetic merit (Coulon et al., 1995), however, the 
rate of decline as pregnancy progresses beyond the fifth month depend on parity 
and level of production. The effect of the same stage of pregnancy beyond the 51h 
month was shown to be higher on multiparous than primiparous cows and on high 
producing than low producing cows. This tends to suggest a multiplicative effect of 
pregnancy on milk yield which was not verified in their study (Coulon et at., 1995) 
by estimating the proportionate decline in yield for the different groups of animals. 
The changes in milk constituents were closely related to changes in milk yield as 
gestation progressed (Sharma et al.,1990; Coulon et at., 1991; Remond et al.,1992). 
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4.1.4 Objectives 
Estimation of the direct effect of gestation stage on test day yields allows systematic 
effects specific to individual yields to be accounted for. It enables us to separate 
the effects due to pregnancy, days open and days dry. For example, two cows might 
have the same calving interval and number of days open but different number of days 
dry. The effect of pregnancy on the total yield of both cows may not be the same 
and cannot be estimated by fitting either days open or previous calving interval in a 
total lactation model. However estimating the effect of different stages of gestation 
at different stages of lactation can elucidate this difference. This approach will 
permit the adjustment of individual yields before total lactation is predicted rather 
than correcting the total yield for the aggregate effect of pregnancy after it has 
been predicted. The feasibility of this approach has been demonstrated (Trus and 
Butazzoni, 1990; Coulon et al., 1995). 
In the majority of herds, distinct comparison between pregnant and non- pregnant 
cows cannot be made as in experimental farms. The decision to rebreed may be 
subjective and conception rate may vary resulting in cows getting in-calf at various 
stages of lactation. Models are therefore required that can disentangle the effect 
from that of lactation stage and hence estimate accurate adjustment factors for 
both effects. For example the expected milk yield of an animal in the 40 th  week 
of lactation that has been pregnant for only ten weeks may be different from the 
expected yield of another animal at the same stage of lactation but pregnant for 
30 weeks, all other factors being the same. Also, recently suggested methods of 
predicting total yield (Schaeffer and Jamrozik, 1996; VanRaden, 1996) require the 
correction of individual test day yields because the models allow the use of variable 
number of test day records at different stages of lactation in predicting 305-day yield. 
In such circumstances, it may not be feasible or accurate to estimate the aggregate 
effect of pregnancy on total lactation yield after total yield has been predicted. 
This study is aimed at determining the effect of gestation stage on daily milk yield 
and composition. The specific objectives are: 
To determine the direct effect of pregnancy on cumulative 305-day milk, fat 
and protein yields; 
To determine the effect of gestation stage on daily milk yield and composition; 
To determine the effect of gestation stage at different stages of lactation. 
4.2 Materials and Method 
Subsets of the records of 488 heifer lactations described in Chapter 2 were used 
for the analyses. Fixed effects of age, production season and lactation stage were 
accounted for by including them in the model. The traits of interest were milk yield, 
fat, protein and lactose content and yield. Some animals in the herd were used for 
the collection of embryos, and although designated as pregnant or not pregnant were 
actually being flushed. Such animals were excluded from the analysis because the 
effect of flushing could not be adequately accounted for. As shown in Chapter 2, 
there were 158 flushed animals which were so excluded leaving 330 animals. These 
consisted of 223 pregnant (with weeks open ranging from 6-43) and 107 non pregnant 
cows (open for 44 weeks). 
4.2.1 Production of pregnant and non pregnant cows before 
conception 
As discussed in Chapter 2, the decision to rebreed cows in this herd was initially 
made following the evaluation of the cows in the 8th week of lactation and again 
in the 12th week. The average yield of all cows between week 3 and 8, hereafter 
referred to as part average yield (PAV), and also the average yield in week 8 (AV8) 
only were aialysed to determine the pre-conception level of milk production of cows 
that eventually became pregnant and those that were open throughout lactation. 
Records of 330 non-flushed cows were grouped into two classes corresponding to 
their pregnancy status (CPS), i.e. whether they were open throughout the first 
44 weeks of lactation (CPS=1) or pregnant for any length of time (CPS=2). All 
animals pregnant before lactation week 9 (4 cows) and those without records at this 
stage of lactation (a further 24 cows ) were excluded from the analysis, leaving a 
total of 302 cows in this data set. 
Analysis of variance was done to test the null hypothesis that there was no significant 
difference in the pre-conception milk yield, measured by either PAV or AV8, between 
animals that were pregnant for varying length of times in the first 44 weeks of 
lactation and also between all animals that were pregnant or not pregnant. The 
number of weeks each cow was open (WOP) during lactation was made the response 
variate in the second analysis to determine whether it was significantly affected by 
the milk yield before conception. In both analyses, the effects of calving season 
(YMC) and age at calving were accounted for by including them as fixed effects in 
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the model. The models were as follows: 
= U + A, +83 + CPSk + Eijkl 	 (4.1) 
Yik=U+blrn+b2m2 +A+S+f J k 	 (4.2) 
where; 
Yi3k = PAV or AV8 in equation 4.1, and WOP in equation 4.2. 
U = the overall mean 
Ai = The i" age of the cow at calving, 
S3 = The j1h  year/month of calving season. 
CPSk is the kth  pregnancy status where k=1 is not pregnant and k=2 is 
pregnant 
m = PAV or AV8 as a covariate 
b2 = the regression coefficients and 
ijkL = the random error term. 
4.2.2 Gestation stage 
The effect of gestation stage was investigated by grouping all records into 9 classes 
representing the actual gestation stage (GS in months) of the animal when each 
record was taken. The records of each cow before conception were grouped into 
gestation stage 1 while subsequent records were grouped into gestation stages 2-
9 depending on the length of pregnancy. Gestation stages 2-9 each represented a 
28 day pregnancy period. Thus class 2 comprised records obtained in the first 28 
days of pregnancy for each pregnant cow and the next class comprised of records 
taken from animals pregnant for between 29 - 56 days etc. Animals that were not 
pregnant throughout the first 44 weeks of lactation contributed all their records into 
pregnancy class 1. These cows were included in the analysis so that their records 
would serve as controls against which records taken when the cows were pregnant 
could be compared. Their exclusion would bias the mean of the non .pregnant class 
upwards because then only records in earlier stages of lactation would fall in this 
class. 
Cows becoming pregnant in later stages of lactation ensured a fairly even distribution 
of gestation stage classes in later stages of lactation. The distribution of cows by 
the stage of lactation and gestation is presented in Table 4.1. Between weeks 9 
and 25 there were more animals in the earlier stages of lactation, which was normal 
considering that most animals were not bred prior to week 8. Between weeks 40 
and 44, more cows were in the later stages of lactation. By considering weekly yield 
at different stages of lactation as a repeated trait, a good distribution of records in 
all gestation stages was obtained. The effect of gestation stage were estimated by 
REML after adjusting for variation due to calving age, lactation stage and season 
of production using the following models: 
Yijkl=Ai+Sk+Wl+GS m +ai+fijklm 	 (4.3) 
Here, GS represents gestation stage with m ranging from 1-9 and S represents pro-
duction season. All other effects are as defined in Chapter 3. 
4.2.3 Interaction between lactation and gestation stages 
The significance of the interaction between gestation and lactation stage was initially 
investigated by including a term corresponding to the interaction between gestation 
stage and conception stage (CS) in a model for the analysis of variance. For this 
purpose, pregnant animals were grouped into 4 conception stage (CS) classes ac-
cording to the lactation week of conception as follows: 10-17, 18-25, 26-33, 34-44. 
Non pregnant animals were not included in this analysis. Subsequently, records of 
each cow (including non pregnant cows) were split into 5 groups corresponding to 
yield between weeks 2-12, 13-20, 21-28, 29-36 and 37-40. Each group was analysed 
separately with a model similar to equation 4.3. The objective was to determine 
whether the effect of gestation stage was different for each lactation stage. Results 
are presented for the last three groups of weeks which had a fairly uniform distri- 
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Table 4.1: Distribution of cows by stage of gestation and week of lactation 
Lact. Non Gestation Stage (months) 
Week Pregnant 1 2 3 4 5 6 7 8 ALL 
8 301 3 0 0 0 0 0 0 0 304 
9 299 4 0 0 0 0 0 0 0 303 
10 301 5 0 0 0 0 0 0 0 306 
11 304 9 2 0 0 0 0 0 0 315 
12 304 14 2 0 0 0 0 0 0 322 
13 289 22 5 0 0 0 0 0 0 316 
14 278 26 8 0 0 0 0 0 0 312 
15 265 37 8 2 0 0 0 0 0 312 
16 248 40 15 3 0 0 0 0 0 306 
17 232 51 22 5 0 0 0 0 0 310 
18 201 54 27 7 0 0 0 0 0 289 
19 195 54 40 10 2 0 0 0 0 301 
20 182 58 42 14 3 0 0 0 0 299 
21 169 49 53 22 4 0 0 0 0 297 
22 155 46 58 29 6 0 0 0 0 294 
23 139 45 53 39 8 2 0 0 0 286 
24 135 37 56 43 14 3 0 0 0 288 
25 120 37 42 53 21 4 0 0 0 277 
26 117 30 36 61 28 5 0 0 0 277 
27 116 24 39 56 36 7 2 0 0 280 
28 110 21 37 57 42 13 4 0 0 284 
29 108 18 37 44 49 18 3 0 0 277 
30 107 15 32 34 57 26 5 0 0 276 
31 104 12 23 41 51 35 7 1 0 274 
32 100 9 23 35 53 39 11 2 0 272 
33 95 9 17 36 41 53 16 3 0 270 
34 94 8 15 30 36 51 24 4 0 262 
35 92 9 12 24 38 49 37 7 2 270 
36 89 9 9 21 35 54 41 12 3 273 
37 89 7 11 19 37 45 54 22 4 288 
38 83 7 11 12 33 38 60 30 6 280 
39 82 4 10 11 22 40 51 39 9 268 
40 79 3 10 10 24 35 53 43 14 271 
41 76 4 7 12 18 37 44 47 22 267 
42 80 4 8 12 11 34 37 54 24 264 
43 78 7 5 12 11 25 41 53 33 265 
44 75 5 2 10 10 24 40 48 39 253 
ALL 7582 798 779 764 690 637 530 365 156 12301 
The last column represent the total number of cows with records in each lactation 
stage while the last row represent total number of records contributed by all cows 
in each gestation stage. 
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bution of cows at different stages of gestation. An alternative method of obtaining 
similar information would be to obtain solutions for the interaction between week of 
lactation and stage of gestation when both terms are included in a model. In this 
case, the effect of each stage of gestation (9) on each week of lactation (43) would 
be obtained resulting in 387 equations. Because of the unbalanced nature of the 
data and the limited number of records in each week by gestation stage subclass, 
this approach was considered unsuitable. 
4.3 Results 
4;3.1 Performance of flushed versus non-flushed cows 
The average milk production, fat, protein and lactose content of flushed and non-
flushed cows in their heifer lactation is summarised in Table 4.2. Flushed cows 
yielded on average about 2.5kgmore milk per day than cows that were not flushed. 
The differences in fat, protein and lactose content were less than 1 .Og/kg. Approx-
imately 48% of the flushed cows eventually became pregnant before the end of the 
standard lactation period compared to 67.6% of the non flushed cows. This may be 
responsible for narrowing the difference in mean yield of both groups of cows. Fig-
ure 4.1 shows the average performance of flushed and non flushed cows by lactation 
week. The difference between the two groups of cows in milk production (Figure 
4.1a) ranged from 1.71kg/day in the 2nd  week of lactation to 2.93kg/day in the 8 11  
week when the initial evaluation was made. Throughout the rest of the 1actation 
the difference was consistently between 2 and 3 kg/day. There was a high variation 
in weekly fat, protein and lactose content and this variance was higher among the 
flushed group of cows. Suffice it to note however that these are the raw means with 
no adjustment for environmental effects. 
Table 4.2: Average milk yield and composition of flushed and non-flushed cows 
Flushed Non-Flushed All 
Trait Mean SD Mean SD Mean SD 
Milk (kg) 30.9 5.43 28.4 5.75 29.2 5.76 
Fat (g/kg) 35.8 1.16 35.7 1.22 35.7 1.20 
Protein (g/kg) 31.7 0.96 31.4 0.99 31.5 0.98 
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c:Protein content d:Lactose content 
Figure 4.1: Average performance of flushed and non flushed cows 
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4.3.2 Pre-conception performance of non-flushed cows 
Table 4.3 shows the mean ± SD of PAV for non pregnant cows and cows with varying 
numbers of weeks open during lactation. The mean PAV for all pregnant cows (open 
between 9 - 43 ) was 31.7 ± 4.2 kg/day compared to a mean of 32.1 ± 4.1 for the 
non pregnant cows. REML estimates of fixed effects show that pregnant cows were 
producing 0.30kg/day less milk than non pregnant cows between weeks 3 and 8, 
but in week 8 cows that eventually became pregnant produced 0.01kg/day more 
milk. The difference between the two groups was not significantly different from 
zero (P > 0.05). Results of analysis of variance, summarised in Table 4.4, indicate 
that the cow's pregnancy status had no significant effect on both the average milk 
yield between lactation weeks 3 and 8 nor the yield of each cow in lactation week 
8 alone indicating no significant difference in the performance of the cows before 
conception. 












Not Pregnant 44 32.06 4.09 101 
Pregnant 36 - 43 32.08 3.87 10 
Pregnant 31 - 35 32.46 3.27 14 
Pregnant 26 - 30 32.26 4.65 17 
Pregnant 21 - 25 32.01 4.03 42 
Pregnant 16 - 20 31.64 4.45 65 
Pregnant 11 - 15 30.67 4.51 47 
Pregnant 9 - 10 30.00 2.88 6 
All Pregnant 9 - 44 31.74 4.19 302 
Table 4.4 also shows that both PAV and AV8 had no significant effect on the length 
of open period (WOP) These results confirm that the level of production, up to the 
week of lactation of cows that eventually became pregnant and those that were 
never pregnant was not significantly different. Figure 4.2 shows the milk yield, fat, 
protein and lactose content of pregnant and non pregnant cows at different stages 
of lactation. Divergence in the curves for milk yield occurred from about the 15"  
week of lactation showing that the level and pattern of production of pregnant and 
non pregnant cows before conception was similar. The fat content of the milk of 
non-pregnant cows was consistently lower than the content of pregnant cows from 
lactation week 25, and from lactation week 18 for protein content. There was no such 





























Table 4.4: F-ratios and significance of various factors in the analysis of pre-
conception milk yield 
Variance ratio of response trait 
Source DF PAV AV8 CPS WOP 
YMC 20 1 20723 1 73* 2 76* 2 35* 
AGE 10 0.94723 0.76 ns 0.88723 0.74723 
CPS 1 0.28723 0.00 ns - - 
PAV (Linear) 1 - - 0.28723 3.1  1723 
PAV (Quadratic) 1 - - 0.05 ns 0.04723 
AV8 (Linear) 1 - - 0.00ns 1 . 17723 
AV8 (Quadratic) 1 - - 2 . 23723 1 . 97723 
Error mean squares 270 17.45 19.35 0.201 148.6 
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c:Lactose content d: Protein content 
Figure 4.2: Average performance of pregnant and non pregnant cows 
These plots confirm the conclusion that there was no significant difference in the 
pre-conception level of production between pregnant and non-pregnant cows. 
4.3.3 Effect of gestation stage 
Analysis of variance showed that gestation stage had a significant effect (P <0.05) 
on all traits. It accounted for about 1.64, 1.38, 1.69 and 1.45% of the total sums 
of squares for milk, fat, protein and lactose yields respectively. Corresponding es-
timates for fat, protein, lactose and total solids content were 0.31 0.27 0.14 and 
0.37% respectively. Table 4.5 shows the least square estimates and their standard 
errors for the effect of gestation stage on milk yield and its components. It also 
shows the least square mean of the non pregnant class against which all others were 
compared. These estimates indicate that depression in milk yield due to pregnancy 
began from the first month of gestation, but the effect was small in the first 4 months 
of gestation. In the fifth month of gestation the decline in yield was about 0.6kg 
corresponding to 1.9% of the mean daily yield. Corresponding losses in the 61h , 71h 
and 81h  month of gestation were about 2.3, 5.5 and 11.4% of the mean yield of non 
pregnant contemporaries respectively. Losses in excess of 1kg per day were observed 
from the 71h  month of gestation. 
The estimates of GS effects for fat, protein and lactose yields were all negative 
meaning that these traits declined from the onset of gestation. The decline in the 
daily yield of these traits in the first month of gestations was however negligible. 
In subsequent months, the decline in fat yield ranged from 2.8% in the 2nd  month 
of pregnancy to about 6.9% in the 81h  month of pregnancy with lower effects in 
pregnancy month 3 and 6. Corresponding proportions for protein and lactose yield 
were 1.7 to 11.8% and 1.8 to 10% of the mean yields respectively. Thus the late 
stages of pregnancy had relatively more effect on protein than fat yield 
The first month of pregnancy also had very little effect on fat, protein, lactose 
and total solids content. The decline in content in the first month of pregnancy 
for these traits was less than 0.5% of the respective mean content of non pregnant 
contemporaries. Between the 2nd  and 61h  month of pregnancy, the effect of pregnancy 
on the content traits was generally negative and positive afterwards implying, that 
fat, protein, lactose and total solids contents of milk increased in the last few months 
of gestation. However the rise in protein and lactose content was almost negligible 
compared to the rise in fat and total solids content in the last 2 months of gestation 
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Table 4.5: Effect of gestation stage on milk yield and component traits 
Gest. Stage Traits 
(Months) 
Yield traits (kg) 
Milk Fat Protein Lactose 
Mean 28.6 1.12 0.989 1.407 
1 -0.07 0.000 0.000 -0.004 
2 -0.21 -0.032 -0.017 -0.026 
3 -0.19 -0.021 -0.016 -0.021 
4 -0.30 -0.033 -0.025 -0.029 
5 -0.57 -0.040 -0.036 -0.041 
6 -0.65 -0.030 -0.032 -0.038 
7 -1.57 -0.056 -0.068 -0.081 
8 -3.26 -0.077 -0.117 -0.141 
Average SE 0.16 0.010 0.007 0.010 
Content traits (g/kg) 
TS Fat Protein Lactose 
Mean 122.4 39.2 34.5 48.7 
1 0.147 0.094 0.077 -0.027 
2 -0.696 -0.529 -0.048 -0.101 
3 -0.673 -0.327 -0.156 -0.180 
4 -0.896 -0.462 -0.254 -0.152 
5 -0.745 -0.301 -0.281 -0.130 
6 0.105 0.210 -0.052 -0.023 
7 1.117 1.011 0.066 0.081 
8 2.876 2.615 0.196 0.124 
Average SE 0.299 0.274 0.097 0.071 
studied. For example, increase in fat content was by 2.58 and 6.67% in the 7th  and 8th 
month of gestation respectively. The corresponding percentage increases were 0.19% 
and 0.57% for protein content and 0.17 and 0.25% for lactose content respectively. 
These results show that the last few months of pregnancy have a higher effect on 
fat content than the other components of milk. These estimates are illustrated in 
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Figure 4.3: Effect of gestation stage on milk yield and composition 
Table 4.6 shows the total loss in milk, fat, protein and lactose yield, due to pregnancy, 
for animals pregnant for varying number of months during the first 44 weeks of 
lactation. The loss, which is equivalent to the loss in 305-day yield for each trait, was 
estimated from the direct effect of gestation stage on daily yields. The effect of each 
gestation stage was assumed to be constant for a 28-day period, so monthly losses 
were obtained by multiplying the daily loss (estimated effect) by 28 and summing 
to obtain the cumulative loss for varying lengths of pregnancy. A cow pregnant for 
49 
3 months lost an average of 21kg of milk, 1.5kg of fat, 0.9kg of protein and 1.4kg 
of lactose compared to a non pregnant contemporary or to her yield if she were not 
pregnant. The corresponding losses in yield for an animal pregnant for 8 months 
were 207, 8.1, 8.7 and 10.7kg respectively. 












2 10.6 ± 5.7 0.90 ± 0.28 0.48 ± 0.21 0.84 ± 0.30 
3 21.0 ± 8.2 1.48 ± 0.40 0.92 ± 0.30 1.43 ± 0.43 
4 33.9 ± 10.9 2.41 ± 0.54 1.62 ± 0.40 2.24 ± 0.58 
5 54.0 ± 13.8 3.53 ± 0.69 2.63 ± 0.51 3.39 ± 0.73 
6 75.3 ± 17.1 4.37 ± 0.85 3.53 ± 0.63 4.45 ± 0.91 
7 122.1 ± 21.0 5.94 ± 1.04 5.43 ± 0.77 6.72 ± 1.11 
8 206.9 ± 25.9 8.09 ± 1.29 8.71 ± 0.95 10.67 ± 1.37 
4.3.4 Interaction between gestation and lactation stages 
The additive effect of gestation stage presented in Table 4.5 assumes that a given 
gestation stage has the same effect on milk yield at all stages of lactation. In other 
words the decrease in milk yield for all cows in their 71h  month of gestation will be 
about 1.5kg for a cow in lactation week 32 as well as for another in lactation week 
44. Simply put, the model assumed no interaction between lactation and gestation 
stages. Results of the analysis of variance show, however, that the interaction be-
tween conception stage and gestation stage had a highly significant effect on daily 
milk yield (P < 0.001). It accounted for 1.79% of the total variation in milk yield. 
This implies that the effect of gestation stage on milk yield depends on lactation 
stage. 
Table 4.7 shows the effect of gestation stage on milk, fat and protein yields at differ-
ent stages of lactation. The result indicates that the adverse effect of pregnancy on 
milk yield was higher in mid lactation than in the last 8 weeks of lactation. For ex-
ample, an animal pregnant for 5 months in lactation week 24 would produce 2.63kg 
less milk per day than a non pregnant contemporary at that stage of lactation, 
whereas if she was 5 months pregnant in lactation week 40, her daily loss in yield 
would be only 0.95kg compared with the non pregnant contemporaries. The declin-
ing trend was still present when the loss in milk yield was expressed as a percentage 
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Table 4.7: Effect of pregnancy on daily milk fat and protein yields at different stages 
of lactation 
Gestation Stage Lactation stage (weeks) 
Trait (Months) 21 - 28 29 - 36 37 - 44 
Mean 29.5 27.7 25.4 
2 -0.34 -0.60 - 
Milk 3 -1.05 -0.54 - 
yield 4 -1.95 -0.76 -0.41 
(kg) 5 -2.63 -1.55 -0.95 
6 - -2.44 -1.19 
7 - -4.82 -2.73 
8 - - -4.53 
Average SE 0.69 0.64 0.56 
Mean 1.138 1.084 1.052 
2 -0.013 -0.043 - 
Fat 3 -0.047 -0.003 - 
yield 4 -0.103 -0.025 -0.031 
(kg) 5 -0.136 -0.054 -0.049 
6 - -0.092 -0.034 
7 - -0.148 -0.095 
8 - - -0.140 
Average SE 0.023 0.022 0.020 
Mean 1.017 0.969 0.915 
2 -0.006 -0.023 - 
Protein 3 -0.028 -0.007 - 
yield 4 -0.068 -0.022 -0.007 
(kg) 5 -0.101 -0.050 -0.035 
6 - -0.074 -0.029 
7 - -0.147 -0.085 
8 - - -0.139 
Average SE 0.023 0.021 0.019 
No. of Cows 250 267 289 
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of the mean of non pregnant animals at each stage of lactation. Table 4.8 shows 
the percentage decline in milk yield due to gestation stage at the different stages 
of lactation. This indicates that the observed decline in GS effect in later stages of 
lactation was not due to the overall reduction in milk yield in later versus earlier 
stages of lactation (ie the effect was not multiplicative). The trend was however only 
consistent for pregnancy exceeding three months. The results suggest that animals 
which get pregnant early in lactation suffer more from the effect of gestation stage 
than animals which get pregnant late in terms of the loss in daily yield at each stage 
of lactation. 




Lactation stage (weeks) 
21 - 28 	29 - 36 	37 - 44 
2 1.15 2.17 - 
3 3.56 1.95 - 
4 6.60 2.75 1.61 
5 8.91 5.59 3.74 
6 - 8.81 4.69 
7 - 17.4 10.7 
8 - - 178 
4.4 Estimation of adjustment factors 
Additive factors for adjusting records for various environmental effects were calcu-
lated from their least square means. These were obtained by fitting the full model 
including the fixed effects of year and month of production, age at calving, lactation 
stage and gestation stage with the cow as a random term. Least square constants 
and means for each factor were obtained by REML analysis. These estimates rep-
resent an update on the results of fixed effects presented in section 3.5.1 of Chapter 
3. The difference in these estimates can be attributed to the effect of gestation 
stage which was not accounted for in the previous estimates. Tables 4.9, 4.10 and 
4.11 show the estimated least square means for each level of each trait and the 
corresponding additive adjustment factors (as deviations from the first level of the 
effect), for production season, age at calving and gestation stage respectively. 
The observed effect of production season in this analysis (Table 4.9) followed the 
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Table 4.9: Least square means and additive adjustment factors for production season 
Least square means 
Milk Fat Prot. Lact. 
(kg) (%) (%) (%) 
28.7 4.29 3.34 4.87 
29.0 4.02 3.43 4.91 
28.4 4.11 3.44 4.95 
28.1 4.10 3.41 4.87 
29.1 3.96 3.56 4.89 
29.6 3.85 3.54 4.92 
29.5 3.89 3.52 4.91 
29.5 4.05 3.54 4.90 
28.9 4.08 3.56 4.92 
27.9 4.02 3.46 4.88 
27.0 4.04 3.36 4.87 
24.7 4.01 3.43 4.88 
24.0 4.24 3.57 4.78 
23.9 4.26 3.61 4.80 
25.6 4.14 3.47 4.83 
25.7 4.08 3.47 4.79 
26.0 4.04 3.40 4.82 
26.0 4.07 3.40 4.79 
25.3 4.05 3.47 4.79 
26.3 4.02 3.50 4.86 
26.5 3.82 3.37 4.82 
26.3 3.83 3.33 4.85 
29.0 3.48 3.31 4.89 
29.9 3.46 3.44 4.88 
30.0 3.82 3.56 4.88 
30.0 3.81 3.45 4.86 
30.2 3.74 3.37 4.86 
30.3 3.81 3.36 4.81 
32.0 3.50 3.31 4.91 
Adjustment factors 
Milk Fat Prot. Lact. 
(kg) (%) (%) (%) 
0.00 0.00 0.00 0.00 
0.26 -0.27 0.09 0.04 
-0.29 -0.18 0.10 0.08 
-0.64 -0.19 0.07 -0.00 
0.38 -0.33 0.22 0.02 
0.89 -0.44 0.20 0.05 
0.84 -0.40 0.18 0.04 
0.77 -0.24 0.20 0.03 
0.18 -0.21 0.22 0.05 
-0.83 -0.27 0.12 0.01 
-1.72 -0.25 0.02 0.00 
-4.00 -0.28 0.09 0.01 
-4.75 -0.05 0.23 -0.09 
-4.77 -0.03 0.27 -0.07 
-3.12 -0.15 0.13 -0.04 
-3.05 -0.21 0.13 -0.08 
-2.73 -0.25 0.06 -0.05 
-2.67 -0.22 0.06 -0.08 
-3.40 -0.24 0.13 -0.08 
-2.42 -0.27 0.16 -0.01 
-2.21 -0.47 0.03 -0.05 
-2.39 -0.46 -0.01 -0.02 
0.34 -0.81 -0.03 0.02 
1.19 -0.83 0.10 0.01 
1.30 -0.47 0.22 0.01 
1.34 -0.48 0.11 -0.01 
1.53 -0.55 0.03 -0.01 
1.59 -0.48 0.02 -0.06 
































same trend as observed in the previous analysis (See Table 3.6) for all traits and the 
actual estimates were similar. This means the estimates of the effect of production 
season on all traits were robust to the absence of gestation stage in the model in the 
previous analysis (Chapter 3). However, the estimates of the effect of calving age 
were affected by the inclusion of GS in the model as shown in Table 4.10 compared to 
the estimates in the last Chapter (Table 3.7). The estimates of the effect of calving 
age on milk yield in the previous analysis were all negative suggesting that milk 
production of cows which calved at 33 months of age produced less milk than those 
calving at 23 months of age. In the present analysis, the estimates were positive for 
most ages meaning that cows which calved at 23 months of age produced less milk 
than cows calving at many of the older ages. However, the effect was still not linear. 
This shows that the earlier estimates of age effect were biased by not accounting 
for the pregnancy status of the cows calving at different ages as suggested in the 
discussion in Chapter 3. 
Table 4.10: least square means and additive adjustment factors for Age at calving 
AGE 
Least square means 
Milk 	Fat 	Prot. 	Lact. 
(kg) (%) (%) (%) 
Adjustment factors 
Milk 	Fat 	Prot. 	Lact. 
(kg) (%) (%) (%) 
23 27.5 3.92 3.37 4.83 0.00 0.00 0.00 0.00 
24 28.8 3.64 3.35 4.89 1.18 -0.28 -0.02 0.06 
25 26.8 4.01 3.45 4.86 -0.76 0.09 0.08 0.03 
26 26.0 4.04 3.52 4.88 -1.47 0.12 0.15 0.05 
27 28.4 3.88 3.38 4.90 0.91 -0.04 0.01 0.07 
28 27.3 4.04 3.47 4.81 -0.54 0.12 0.10 -0.02 
29 27.7 3.93 3.43 4.87 0.15 0.01 0.06 0.04 
30 28.4 3.86 3.38 4.85 0.88 -0.06 0.01 0.02 
31 27.9 4.09 3.57 4.90 -0.86 0.17 0.20 0.07 
32 29.0 3.97 3.50 4.83 1.52 0.05 0.13 0.00 
33 28.5 4.08 3.47 4.84 1 	1.04 0.16 0.10 0.01 
4.5 Discussion 
The results of this study show no significant difference in the pre-conception perfor-
mance of pregnant and non-pregnant cows, indicating that the non-pregnant cows 
were not a selection of superior cows in the herd. This does not rule out the possi-
bility that high yielding cows have more difficulty in conceiving, as the animals used 
in this investigation did not include the highest yielding group of cows which were 
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being flushed. It shows, however, that there was no need to adjust the records of 
pregnant cows before comparing them with the non-pregnant controls in estimating 
the effect of gestation stage in this study. 
Results of this study show a decline in milk, fat and protein yield from the first 
month of pregnancy. Though small, the decline is of practical importance when 
related to the mean yield of non-pregnant cows. In statistical terms, a significant 
decline (P < 0.05) in daily milk yield did not occur before the fifth month of 
gestation. Others have reported onset of significant decline at the same (Coulon et 
al., 1995) or earlier gestation stages (Bar-Anan and Genizi, 1981). Erb et al. (1952a) 
noted that the inhibitory phase of pregnancy was beyond 180 days post conception 
and showed that the effect of pregnancy on milk yield was similar for cows milked 
twice or three times per day. Generally, decline in milk yield of pregnant cows can 
be attributed to hormonal changes (Randel and Erb, 1971) and the partitioning 
of nutrients between the foetus and milk production especilally in later stages of 
gestation. 
While the onset of a significant decline in milk yield due to pregnancy does not 
depend on the level of production, breed of cow or length of open period (Erb et 
al., 1952a; Coulon et al., 1995), the rate of decline beyond 6 months of pregnancy 
is affected by most of these factors. Sharma et al. (1990) reported that the overall 
effect of pregnancy on milk yield and composition differed between the Jersey and 
Holstein breeds of cattle. This suggests that pre-correction of test day records for the 
effect of pregnancy should be done with separate factors for different breeds of cattle. 
Alternatively these factors could be included in the model for genetic evaluation of 
the animals along with gestation stage. Significant increase in fat content in this 
study occurred from the 61&  month of gestation. Previous studies show that fat and 
protein concentration in milk increased significantly only in the last two months 
of pregnancy while lactose did not (Remond et al., 1992). In this study, only fat 
concentration increased significantly. 
The results show that the effect of pregnancy on milk production and composition 
varied with gestation stage. The rate of decline in milk yield doubled every month 
between the 6th  and 81h  month of pregnancy. Erb et al. (1952a) observed a four-fold 
increase in rate of decline between day 181 and 223 post conception compared to 
the earlier stages of gestation. This may explain the difference between estimates of 
the effect of pregnancy on total lactation yield in this study and reported additive 
adjustment factors for equivalent days open (Danell, 1982a; Funk et al., 1987; Weller 
et al., 1985). Direct comparison cannot, however, be made because of the difference 
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in breed and level of production of the cows in these studies. 
The varying effect of gestation stage on fat, protein and lactose yield and content 
suggests that there are different mechanisms for the secretion of the solid and non-
solid constituents of milk which are not equally affected by pregnancy. The change 
in sign of the effect of gestation stage on the content traits between early and late 
stages of gestation can be attributed to the differential effect of pregnancy on the 
secretion of the solid and the non-solid components of milk. In the early stage of 
gestation, pregnancy has a greater effect on the yield of the solid components than 
on total milk yield, so the proportion of these components (fat, protein and lactose) 
tends to increase compared to non-pregnant cows. The reverse becomes the case in 
the last few months of gestation when the proportional decline in total milk yield is 
much higher than that of the solid components of milk. 
This study has shown that the effect of the same stage of pregnancy on daily milk 
yield differed between mid and late lactation. Variation in the effect of other en-
vironmental factors across lactation stage has previously been observed (Danell, 
1982a). These results suggest that, cows are more sensitive to the stress of preg-
nancy in mid lactation, when daily production is high, than in the later stages of 
lactation. This may be because the mammary gland is generally less responsive to 
stimuli towards the end of lactation (Hillerton et al., 1990). The significance of the 
interaction between gestation stage and the length of the open period, interpreted 
as the interaction between gestation and lactation stages in this study, suggests the 
need to include these factors in the model for genetic evaluation. 
A limitation to the correct estimation of, and adjustment of records for, the effect 
of gestation stage is knowledge of conception dates. Routine recording of fertility 
traits has been strongly advocated but this is poorly done in the majority of herds 
in the UK at present (Pryce et al., 1997). Conception dates are most likely to be 
recorded in herds that record fertility traits and those that routinely use artificial 
breeding techniques such as artificial insemination (AT) and embryo transfer (ET). 
When conception dates are not known, the number of days pregnant during a fixed 
lactation period can be predicted to the nearest month from a knowledge of the 
lactation length and calving interval with an assumption of a fixed gestation length. 
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4.6 Conclusions 
Pregnancy has been shown to have a significant effect on milk, fat, protein and lac-
tose yield of dairy cattle, and to vary with gestation stage. This effect is substantial 
enough to warrant the adjustment of records for it in genetic evaluation. Results 
of this study suggest that 305-day yield of cows with extended calving interval due 
to extended lactations may be wrongly adjusted if factors which assume a constant 
effect of pregnancy across gestation and lactation stage are used. This is because 
the actual effect of pregnancy on 305-day yield depends on how long the cow was 
carrying a calf within the standard lactation period and the effect of gestation stage 
is generally less for cows which conceive late in lactation. 
Unless there are other reasons for adjusting total lactation records for the effect of 
days open or calving interval, adjustment of records for the direct effect of preg-
nancy seems to be a better option for increasing the accuracy of genetic evaluation. 
For evaluations based on lactation yields, individual test day yields could be pre-
corrected for the effect of gestation stage before calculating total lactation yield by 
numerical interpolation. Alternatively, if test day records are not available (e.g. 
records obtained before 1991 in the UK), 305-day yields could be adjusted with fac-
tors derived from the direct effect of pregnancy with consideration for the interaction 
between gestation and lactation stages. For genetic evaluations based on test day 
yields, a simple option is to include these factors in the model of evaluation. 
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Table 4.11: Least square means and additive adjustment factors for gestation stage 
GS 
Least square means 
Milk 	Fat 	Prot. 	Lact. 
(kg) (%) (%) (%) 
Adjustment factors 
Milk 	Fat 	Prot. 	Lact. 
(kg) (%) (9) (%) 
1 28.6 3.93 3.45 4.87 0.00 0.00 0.00 0.00 
2 28.5 3.93 3.46 4.86 -0.06 0.00 0.01 - 0.01 
3 28.4 3.87 3.45 4.86 -0.20 -0.06 0.00 -0.01 
4 28.4 3.89 3.43 4.85 -0.18 -0.04 -0.02 -0.02 
5 28.3 3.88 3.43 4.85 -0.29 -0.05 -0.02 -0.02 
6 28.0 3.90 3.42 4.85 -0.56 -0.03 -0.03 -0.02 
7 28.0 3.95 3.45 4.86 -0.65 0.02 0.00 -0.01 
8 27.0 4.03 3.46 4.88 -1.56 0.10 0.01 0.01 
9 25.3 4.19 3.47 4.88 -3.26 0.26 0.02 0.01 
Chapter 5 
MODELLING DAILY MILK PRODUCTION WITH 
STANDARD LACTATION CURVE MODELS 
5.1 Introduction 
Daily milk production in dairy cattle typically rises to a peak in the first 40 to 70 
days of lactation and declines thereafter. The typical lactation curve thus has first 
derivatives which are positive from onset to the time of peak production and negative 
afterwards. Several models of the lactation curve have been proposed based on this 
typical pattern of production (Wood, 1967; Yadav, 1977; Cobby and Le Du, 1978; 
Ali and Schaeffer, 1987; Grossman and Koops, 1988; Elston et al.,1989; Hayashi and 
Nagime, 1993; Perochon et al.,1996). These have been shown to vary in accuracy 
(Sherchand et aL,1992; Guo and Swalve, 1995, 1997), mostly because the pattern 
of daily milk production varies between cows and is influenced by environmental 
factors (Wood, 1969; Keown et al.,1986; Guo and Swalve, 1997). 
Modelling daily milk production is a useful management practice. It provides sum-
mary information about production, such as time of peak yield, persistency, etc 
(Wood, 1967), which is useful in simulating a dairy enterprise. Lactation curve 
models are also important in accounting for the effect of lactation stage in genetic 
analysis of test day records (Ptak and Schaeffer, 1993; Swalve, 1995b). The objec-
tive in modelling the lactation curve is to predict the yield on each day of lactation 
with minimum error. Sometimes, the objective is to show the underlying pattern of 
milk production in the presence of high local variation in daily yield, often due to 
environmental factors. The usefulness of any mathematical model therefore depends 
on how well it can mimic the biological process and adjust for factors affecting it. 
Adopting a model in practice however also depends on the ease with which it can 
be applied. The desire is thus for a simple model, that can describe the pattern 
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of production of most cows accurately and whose parameters have some biological 
meaning. 
5.1.1 Models of the lactation curve 
Most standard models of the lactation curve were proposed based on the empiri-
cal shape of the lactation curve, which is typical for most cows. The proponents 
employed various mathematical functions and exploited different algebraic concepts 
to derive models whose parameters are both meaningful, in a biological sense, and 
easy to estimate. This has resulted in numerous models of the lactation curve over 
the years, some of which have been evaluated in several studies and reviews (Row-
lands et al., 1982; Sherchand et al., 1992; Guo and Swalve, 1995; Perochon et al., 
1996; Guo and Swalve, 1997). Only a few of the models have been reviewed here to 
highlight the diversity of ideas in modelling daily production of dairy cattle. 
The gamma function 
The most cited, tested, and perhaps used model of the lactation curve in the lit-
erature is the incomplete gamma model suggested by Wood (1967). Its popularity 
probably rests with the fact that it has only three parameters which are easy to es-
timate by linear regression following a log transformation. This model in its original 
form can be expressed as: 
Yt = atbec 	 (5.1) 
Where: 
Yt = milk yield on day t and a, b and c are the curve parameters which are 
associated with overall scale of production, the pre peak rate of increase and 
the post peak rate of decrease in yield respectively. 
e is the base of the natural logarithm. 
Wood (1967) analysed weekly test day yield records of 524 Freisian heifers and 
obtained estimates equivalent to 13.89kg, 0.086kg and 0.0139kg for the a, b and c 
parameters respectively. These estimates implied that on average, the yield at start 
of lactation (t=1) was 13.89 x exp(-0.0139), equivalent to 13.7kg per day in the first 
week of lactation. This increased at the rate of 0.086kg per week to peak production. 
in week equivalent to about 6 weeks into lactation for this data. 
Wood's (1967) model can be described as the product of an increasing power func-
tion of time (t"), which has no asymptote, and an exponential decay function (ae_ct). 
It requires the estimation of only three parameters which means that a minimum 
of 3 test day records per cow are required to predict the lactation. However, trans-
formation changes the distribution of the error, a fact that needs to be borne in 
mind in the interpretation of the results and comparison of this model to others 
where data transformation is not required. The model has been criticised because 
it consistently under predicts yield around peak production and over predicts yield 
in mid lactation. Its accuracy in predicting total lactation yield also depends on the 
number and distribution of available records (Congleton and Everett, 1980a; 1980b; 
Anderson et al., 1989), which is also true for all other models. 
Cobby and Le Du's model 
Cobby and Le Du (1978) attributed the poor fit of Wood's (1967) model to the 
need for log transformation and the assumption of an exponential decline in milk 
yield after peak production. Log linear regression results in unequal weighting of 
records with large yield getting negative weights which is probably why the model 
under predicts yields around peak. Cobby and Le Du (1978) argued that milk yield 
after peak production declines at a constant rate and proposed a modification to the 
gamma function by first replacing the power function (tb)  with an asymptotic curve 
(1 - e _bt), resulting in a model of the form: 
lft = ae 	- ae_bt 	 (5.2) 
Subsequently, they replaced the first exponential of equation 5.2 (ae_bt)  with a 
straight line function (a-ct) to obtain their final model: 
Yt = a - ct - ae_bt 	 (5.3) 
Typical values for the parameters of this model (Cobby and Le Du, 1978), obtained 
with weekly test day yields were 34.9±0.8, 1.19±0.15 and 1.2±0.1 for the a, band 
c parameters respectively which indicated that milk yield declined at a constant rate 
of 1.2kg/week after peak yield which occurs when ae_Il9t  tends to zero with these 
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parameters. This model has one parameter which cannot be estimated by linear 
regression and this limits its use in practise. Also, it does not model daily yield as 
well as the gamma function (Wood, 1967) if parameters of the latter are predicted 
by non-linear methods, in which case there will be no need for log transformation, 
the same as for equation 5.3 (Cobby and Le Du, 1978; Kellog et al.,1977; Rowlands 
et al., 1982). 
Exponential model 
Wilmink (1987b) used a modification of Coby and Le Du's (1978) non-linear lacta-
tion curve model to correct test day records for the effect of lactation stage. The 
modified model was essentially an exponential model in which the non-linear param-
eter was assumed constant for all lactations thereby allowing the other parameters 
to be estimated by linear regression. This model can be written as: 
Yt = a + be_kt  + ct 
	
(5.4) 
Where a, b and c are parameters of the model to be estimated for each lactation, 
and k is constant for all individuals in the same contemporary group. The model 
can be rewritten as; 
Yt = a + brt  + ct 
	
(5.5) 
Here, r is a fourth non-linear parameter to be estimated along with a, b and c. From 
the above, brt  controls the early rising phase of the lactation and rt  declines as t 
increases. i' therefore determines the lactation stage when the contribution from brt 
becomes less than the contribution from ct in which case the yield starts to decline. 
Thus the factor k, which works out to be the natural log of the non linear parameter 
r defines the time of peak yield and together with b, the magnitude of peak yield. 
In a study in which the unit of time was in days and the mean day of peak yield was 
50 days post partum, Wilmink (1987b) estimated k as 0.05kg but did not show the 
relationship between this and the average day of peak yield. However, as t increases, 
exp(-0.05t) declines and tends to zero after peak yield since the curve then become 
a straight line. The value of k therefore depends on the scale used in describing 
lactation stage, i.e. days, weeks or months. 
Fitting this model to the mean daily yield of over 11,000 cows from the UK national 
herd by non-linear means Brotherstone (unpublished) obtained estimates of 24.26, 
Me 
-10.092, -0.0321 and -0.099kg for a, b, c and k parameters respectively. The value 
of -0.099 for k corresponds to a value of 0.906 for r. Figure 5.1 shows a plot of 
the lactation curve derived from these parameters and the effect of increasing or 
decreasing the value of k whilst holding the other parameters constant. It shows that 
the pre-peak slope depends on the b and k or r. For the same value of b, increasing 
r delays peak yield and reduces the height of the curve at peak production which 
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Figure 5.1: The effect of changing the k parameter of the exponential function 
(Wilmink, 1987b) on the shape of the lactation curve 
The inverse quadratic polynomial 
Nelder (1966) suggested that, if biological responses such as milk yield over time were 
to be modelled with a quadratic regression, then it was better to first do an inverse 
transformation of the data. This suggestion was based on the observation that most 
biological organisms do not respond indefinitely to changes in environmental factors 
such as time as a result of which modelling them requires high order polynomials. Yet 
as discussed earlier, the desirable lactation curve model is one with few parameters 
which are easy to estimate. Bearing this in mind, there is the temptation to use 
a simple quadratic regression to model milk yield just because it is perhaps the 
simplest possible model that can be used. However a second order polynomial is 
unbounded and tends to be symmetrical about its stationary point (Nelder, 1966), 
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while the typical lactation curve is not symmetrical about the asymptote. To achieve 
asymmetry will require the estimation of more parameters. By comparison, an 
inverse quadratic polynomial (IQP) is bounded, generally non-negative and has no 
built in symmetry (Nelder,1966). Yadav et al. (1977) first adopted this concept 
to model the lactation curve of dairy cattle and found it to be suitable. Generally, 
the IQP model is a linear regression of the inverse of milk yield on the day in milk 
(DIM) and the inverse of DIM as follows: 
= a + bt' + ct 	 (5.6) 
where Y = inverse of the yield on day t and a, b and c are parameters of the 
model. 
In the early stages of lactation, or for small values of t, Y 	, as ct tends to zero 
and a is small. But for large values of t, Y depends on c because Y 	as 
tends to zero and a is small. From the above we can deduce that b describes the 
initial rising phase of the curve while c describes the post peak decline. Peak yield 
will occur when t = 	and the value of the yield at peak is Ypeak = 
More recently, Ali and Schaeffer (1987) applied the model to daily yield records 
and obtained estimates of 0.0644, 0.0174 and 0.000236kg for a, b and c parameters 
respectively. 
Regression model 
Rather than an inverse transformation of the data (Nelder, 1966; Yadav et al., 
1977) to achieve the properties that will enable the lactation curve to be modelled 
with a quadratic polynomial, Ali and Schaeffer (1987) chose the second option and 
increased the number of parameters by including natural logs of the time variable 
as additional covariates. They therefore modelled the lactation curve by fitting a 
second order polynomial to the day in milk and the log of the inverse day in milk 
which was scaled down to narrow the range of values. Their model can be described 
as: 
Y = a + bt + ct2 + d(logt') + e(logt') 2 	 (5.7) 
where; 
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t is the day in milk divided by the maximum day in milk for the standard 
lactation (305). 
a, b, c, d and e are the curve parameters 
A comparison of this model with the gamma (Wood, 1967) and IQP (Yadav et 
al., 1977) showed that the three models predicted daily yields with a similar level of 
accuracy in terms of the correlation between observed and predicted yields. The cor-
relation estimates increased with parity (Ali and Schaeffer, 1987; Guo and Swalve, 
1997) meaning that later lactation yields were more accurately predicted than first 
lactation yields. The 5-parameter regression model was superior to the 3 parameter 
models as expected while the gamma model was better than the IQP model. Oth-
ers have shown, however, that the gamma model was superior to the 5 parameter 
regression model in predicting 305-day yield from partial lactation records (Rekaya 
et al., 1995). 
Multiphasic model 
• Grossman and Koops (1988) suggested a multiphasic model which estimates sep- 
arate parameters for different phases of the lactation curve. The principle of the 
multiphasic model is to fit functions to different segments of the lactation curve in 
• such a way as to give a continuous fit for the whole curve. The function was defined 
yt = 	(ai bi (1 _tanh2(bi(t_ci)))) 	 (5.8) 
Where; 
Yt = yield on day t 
a2 , b2 and Cj are parameters associated with phase i, 
tanh = hyperbolic tangent and 
n = number of phases. 
This model was found suitable when the lactation curve was split into 2 or 3 phases 
but not more (Grossman and Koops, 1988). This is understandable because it will 
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be difficult to find a suitable basis for splitting the curve into more than three phases. 
The application of this model is however restricted because the parameters can only 
be estimated by non-linear means. Also it may involve a large number of parameters 
if the curve is split into 3 or more phases (9 or more parameters). This model is 
similar in principle to a spline model described later in that they both consider 
fitting functions to different segments of the lactation curve rather than the holistic 
approach of most empirical models. 
The mixed log model 
Guo and Swalve (1995) proposed a 3 parameter mixed log model which involves a 
simple multiple regression of milk yield on the square root and log transformed time 
variable. 
a + b'/ + clog(t) 	 (5.9) 
where, Yt = yield on day t of lactation and a, b and c are parameters of the lactation 
curve. 
The double transformation was done to obtain the properties of the lactation curve. 
As t increases, vl—t increases more rapidly than log(t). However, if band care positive, 
then 	is an increasing curve with no asymptote while c log(t) increases to a point 
and levels off. The pre- and post- peak slopes therefore depend on the ratio: 
This model was found to predict test day yields more accurately than most standard 
three parameter lactation curve models tested (Guo and Swalve, 1995, 1997). 
Non-Parametric models 
The whole idea of lactation curve modelling is to derive a function that shows the 
underlying trend of daily milk production in the presence of rapid local variation in 
daily production that can best be regarded as random 'noise'. Therefore the goal in 
modelling the lactation curve, is to smooth out the random local variation and show 
the underlying pattern of production that is heritable. However, our assumption 
about the shape of the lactation curve tends to be too rigid considering that there 
is genetic variation in persistency between cows (Shanks et al., 1981; Dane!!, 1990; 
Gengler, 1996;). This implies that the shape of the cow's lactation curve is not fixed 
but varies between cows. Parametric curve models based on a relatively fixed pattern 
of milk production will therefore not be suitable for predicting the yield of atypical 
lactations. But non-parametric models (Elston et at., 1989; Green and Silverman, 
1994) seem to offer the required flexibility which allows a reasonable compromise 
between smoothing out the local variation and allowing for the differences between 
individual lactations in the shape of the curve. 
A non-parametric method of predicting the dairy cattle lactation curve was demon-
strated by Elston et at. (1989) who suggested generating the lactation curve by 
placing sign constraints on first, second and third order divided differences (or deriva-
tives). They showed that the lactation curve could be defined by minimising residual 
sums of squares subject to linear sign constraints on the derivatives of any function 
used to predict yield, i.e. we choose the stage of lactation r1 , that minimises the 
residual sum of squares subject to the constraint that the first derivatives are pos-
itive between the onset of lactation and r1 and negative afterwards. Appropriate 
constraints could also be placed on second and third derivatives while more points 
(r2 ) could be chosen to obtain the desired level of smoothness and accuracy (Elston 
et al., 1989). 
The placement of sign constraints on the derivatives of a curve between points (El-
ston et at., 1989) is similar to the fitting of cubic splines. A cubic spline is any 
function S(g) which fits cubic polynomials for different sections of an interval, such 
that the polynomial pieces fit together at points Pi,  also known as knots, and S(g) 
and its first and second derivatives are continuous at each p2 and hence the whole 
interval (Green and Silverman, 1994). The interval may be, in our case, the interval 
from onset to the end of lactation so that the knots define segments of the lactation 
curve. A cubic spline is 'natural' when boundary conditions apply i.e. the second 
and third derivatives are zero at both ends of the interval implying that the curve 
is linear from the beginning to the first knot, and from the last knot to the end of 
the interval. 
Several empirical models of the lactation curve already assume a constant decline 
in milk yield after peak production (Cobby and Le Du, 1978; Wilmink, 1987b) 
suggesting that the segment of the lactation curve after peak can be described by 
a straight line. This means that the lactation curve can be described with a spline 
function with just a few knots placed to split the curve into 3 or 4 segments, with the 
last knot placed about the time of peak production. It remains to be seen however 
if production in the first few weeks after calving can also be regarded as linear. This 
will be shown by the position of the first knot in a natural cubic spline model of the 
lactation curve that minimises the residual sum of squares for a typical lactation. 
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This issue is discussed further in later sections of this Chapter. 
5.1.2 Factors affecting fit of models 
The fit of most empirical models of the lactation curve depends on several factors 
external to the algebra of the functions (Guo and Swalve, 1997). Most models were 
developed based on an assumed shape of the lactation curve. Genetic variation in 
the shape of the lactation curve implies that any lactation curve model can predict 
the daily milk production only of cows which follow the assumed pattern of milk 
production. Thus most models predict the mean production of a group of cows 
rather than some of the individual lactations (Rowlands et al., 1982). 
The number and distribution of available records has been shown also to affect the 
fit of different lactation curve models (Congleton and Everett, 1980b). The poor fit 
especially around peak lactation can be attributed to the small number of records 
available before peak production when recording is done monthly or weekly. For 
example, if there is only one record before peak yield and the next one is well after 
peak, the predicted curve will not be able to mimic the pattern of production in that 
interval as well as if there was a third record in between or at about the time of peak 
production. Few records before peak yield makes it difficult to obtain reliable infor-
mation about the pre-peak lactation period and affects parameters associated with 
both peak yield and pre-peak slope. Negative estimates of parameters associated 
with the pre-peak increasing slope indicate lactations that decline from the start. 
This will occur when the first record available was obtained after peak production. 
Rowlands et al. (1982) found no difference in accuracy between fitting the gamma 
(Wood, 1967) and other models of the lactation curve directly and fitting the curves 
after a log transformation to linearity implying that the method used to estimate 
the parameters of the lactation curves did not matter. Others (Coby and Le Du, 
1978; Kellog et al., 1977) have suggested however, that estimating parameters of the 
gamma function (Wood, 1967) directly by least square methods results in predicted 
daily yields which are more highly correlated with the observed data compared to 
when the parameters were estimated by log linear regression. The early aversion of 
non-linear methods was because they were expensive in terms of computing time and 
memory, for example Congleton and Everett (1980a) observed that it took about 8 
times longer to estimate parameters of the gamma function (Wood, 1967) by max-
imum likelihood than was required to estimate them by linear regression following 
a log transformation. Presently computing power and memory have increased such 
that non linear methods can be applied with relative ease and so recently proposed 
models tend to be non-linear models (Perochon et at., 1996; Guo and Swalve, 1997). 
Others have suggested that parametric models generally lack the flexibility required 
to model the lactation curve of individual cows. (Elston et al.,1989). 
Many studies show that that the shape of the cows' lactation curve is significantly 
influenced by environmental factors such as the age of the cow at calving, the month 
or season of calving, the herd level of production, the length of pregnancy during 
lactation and lactation number (Congleton and Everett, 1980b; Keown et at., 1986; 
Wood, 1969; 1972; 1976; 1980; Guo and Swalve, 1997). While some have proposed 
modifying the curve function to account for some of these effects (Shneeberger, 1981; 
Grossman et at., 1986; Morant and Gnanasakthy, 1989), others have suggested that 
the factors should be accounted for directly by including them as fixed terms in 
the model (Wood, 1969, Grossman et at., 1986; Genizi et at., 1992; Perochon et 
al.,1996). This option will be more suitable if genetic evaluation is to be based on 
parameters of the lactation curve as recently proposed (Jamrozik et at., 1997a). 
5.2 Objectives 
Several mathematical models have been proposed which vary in their ability to pre-
dict daily yields accurately. Most studies have reported on the goodness of fit of 
each model in different ways such as the correlation between observed and predicted 
yield, percentage squared bias (Ali and Schaeffer, 1987), mean absolute error (Guo 
and Swalve, 1995), bias and mean squared error (Congleton and Everett, 1980a) and 
median absolute error(Perochon et at., 1996). The usefulness of these methods of 
evaluating the models in practice depends on whether the interest is in predicting 
total lactation yield, or individual test day yield of the cow. For test day models, the 
desire is to predict accurately the individual daily yield of each cow. The required 
model therefore is one which predicts daily yields with minimum error that is inde-
pendent of the lactation stage and can fit the production pattern of most cows. Such 
a model will be more useful in predicting missing daily yields and providing accurate 
summary information about the lactation that can be used in genetic evaluation. 
Previous studies have shown that several factors affect daily milk production and the 
shape of the curve of individual cows, but some questions are still to be answered, 
such as the extent to which the accuracy of different lactation curve models depend 
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on environmental factors and what features of the curve determine how well the 
lactation can be predicted. The answer to these questions will give a more practical 
and useful measure of the reliability of different lactation curve models. This study 
is aimed at examining these problems with records from one herd. The objective 
is to study the overall suitability of five models of the lactation curve in predicting 
daily milk yield of individual cows. The specific objectives are: 
To determine the proportion of variance in daily yield accounted for by each 
model of the lactation curve. 
To determine the proportion of cows in the herd whose daily yield are predicted 
accurately by the different models in terms of the correlation between observed 
and predicted yields. 
To understand the features of lactations that are poorly or accurately predicted 
by each model. 
To determine the usefulness of a spline model as an alternative more flexible 
model of the lactation curve. 
5.3 Materials and Method 
5.3.1 Standard models of the lactation curve 
Herd average lactation 
The mean daily milk, fat, protein and lactose yields of 325 first lactation cows, in 
each of the first 44 weeks of lactation, were obtained after adjusting for the effect 
of age at calving, production season, gestation stage and permanent environmental 
variation. Data comprised the non flushed cows used to estimated the effect of 
gestation stage as described in Chapter 4. Adjustment was made by including these 
factors as fixed effects in a REML analysis. Estimated least square means which 
served as the observed data are plotted in Figure 5.2. 
Seven models of the lactation curve were fitted. These include: 
1 The incomplete gamma function (Wood, 1967) fitted directly (GM) 
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2 The incomplete gamma function fitted by log-linear regression (WD) 
1og() = log(a) + blog(t) - ct 	 (5.10) 
3 The incomplete gamma function fitted by log-linear weighted regression (WWD) 
using the square of untransformed yields as weights as suggested by Cobby and 
Le Du (1978) 
4 The mixed log (ML) model (Guo and Swalve, 1995) 
Yt = a + bvrt + c log(t) 
5 Inverse quadratic polynomial (IQP) model (Yadav, 1977) 
= a + bt' + ct 
6 The exponential (WIL) model (Wilmink, 1987b) 
Yt = a + be_ct  + ct. 
k was estimated as the log of the r parameter obtained by fitting the model 
a + brt  + ct by non linear means. The value of k was -0.6095, -1.0648, 
-0.266 and -0.6392 for milk fat, protein and lactose yield respectively. The 
model was subsequently fitted as a linear regression of Y on t and t2 where 
- -kt 
7 The regression (AS) model (Ali and Schaeffer, 1987) Y = a+bt+ct2 +dlogt'+ 
e(logt') 2 
Here t was measured in weeks and scaled by 44. 
The AS model was included to serve as the standard against which the three pa-
rameter models will be compared given that with five parameters, it will be a better 
fitting curve. 
Each model was fitted to the same data for each trait and the correlations between 
observed and predicted yield were calculated. Standardised residuals from each anal-
ysis were obtained for comparison and to test the hypothesis of random residuals. 
Evaluation of the models was based on the correlation between observed and pre-
dicted yields or the correlation squared (R 2 ) which determined the proportion of 
the variance of daily yields explained by each model. Where the response variate 
had been transformed in the analysis, the predicted yields were transformed back to 
the original scale and correlated with the untransformed observed yields. This was 
to allow the comparison of the correlation coefficients across models. The residuals 
and correlation coefficient give an indication of how well individual daily yields were 
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predicted and a plot of the residuals shows how biased each model is in predicting 
yields in different phases of lactation. Another criterion used to evaluate the models 
was the root mean square error (RMSE). This measures the overall accuracy of the 
models in predicting total lactation yield. RMSE was calculated as the square root 
of the mean of the squared residuals. 
VFRMSE =n 
where y = observed daily yield, 9 = predicted daily yield and n = number of daily 
records equivalent to 43 in this case. 
The residuals were plotted against lactation stage to determine, by visual inspection, 
if the bias was random or dependent on lactation stage. The dependence of the 
residuals on level of production was tested by correlating the residuals from each 
model with the observed yields. Parameters of the WD, ML, IQP and WIL models, 
obtained by fitting the models to milk yield records, were used to estimate the first 
and second derivatives of the models, which were plotted to enhance understanding. 
Individual lactations 
In the second analysis, the four 3-parameter lactation curve models used in the 
previous section were fitted to individual cow lactations in order to predict individual 
lactations. The proportion of variance in individual lactations explained by the 
model (R 2 ) and the root mean square error, estimated from the residuals as explained 
earlier, were used as the criteria for evaluating goodness of fit of the models. Each 
model was fitted to the records of an animal twice. In the first analysis, the raw 
(unadjusted) records of the animal were used while in the second analysis the records 
of each lactation, pre-adjusted for the effects of production season, gestation stage 
and calving age with adjustment factors derived in Chapter 4 were used. This 
resulted in 8 separate analyses for milk yield. 
The R2  and RMSE from these analyses were compiled into a single data file also 
containing information about the calving age, level of production, flushing status and 
the number of months pregnant within the first 11 months (44 weeks ) of lactation 
for each cow. This data were analysed to determine the effect of the lactation curve 
model fitted and of adjustment methods on the accuracy of predicting daily milk 
yield. Analysis of variance was done using the ANOVA and GLM procedures of SAS. 
Initially, the effect of model and adjustment was investigated by a two way analysis 
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of variance with a model including just the two factors and their interaction; 
Y1 k=M2 +ADj +M*ADj+E 	 (5.11) 
where: 
Y23 k = the RMSE or R2 value for each lactation 
M2 = the fixed effect of lactation curve model i 
AD 3 = the fixed effect of adjustment method j 
* AD 3 = the interaction between the i' model and jth  adjustment method. 
The effect of age, season and pregnancy length on the accuracy of the models was 
investigated by including them as fixed effects in the analysis of variance model for 
the unadjusted data only. The effect of 'lactation factors' such as peak yield., average 
yield and the week of peak production were subsequently included in a separate 
analysis to determine their effect on the accuracy of predicting the lactation. All 
the factors initially investigated individually were put together in the final model 
(equation 5.13) referred to hereafter as the full model fitted. This was to determine 
which factors had a significant effect after adjusting the records for all other factors. 
Significance was based on type 3 sum of squares from the GLM procedure of SAS 
which gives mean squares for each factor independent of all other factors in the 
model as well as adjusts for the lack of balance in the data. The models were as 
follows: 
Yjk1mn = A + Si  + PLk + M1 + FLSm + 6ijklmn 	(5.12) 
Yijklm = A + Si  + PLk + M1 + bX + Eiikl. 	 (5.13) 
Where; 
A, = Fixed effect of age i of the cow at calving, 
Si = Fixed effect of calving season j as defined in Chaptr 3. 
PLk = Fixed effect of pregnancy length, 
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M1 = Fixed effect of the lactation curve model fitted 
b = vector of regression coefficients, b1 
X = vector of covariates where X' = (A\TY WTP PKY) corresponding to 
Average daily yield, week of peak production and yield at peak production 
respectively. 
ijk1m = random error 
5.3.2 Regression spline model 
A lactation curve function .F(t) was derived which consisted of regressing yield on 
lactation stage t and a natural cubic spline function of lactation stage 2(t). Let 
k 
2(t) = : c3(t - p3 ) 	 ( 5.14) 
j=1 
Then the lactation curve function could be written as: 
k 
= 	 (5.15) 
j=1 
with k = n - 2 where n=number of knots used to split the curve. c3 = coefficients of 
the spline function which together with 00 and 0 1 are the parameters of the resulting 
regression spline (SPL) lactation curve model. 
As defined previously, a natural cubic spline function is one which fits a cubic poiy-
nomial regression to segments of a given curve or interval in such a way that we 
have a continuous fit to the whole curve. The number of cubic polynomial functions 
m and hence the number of parameters Cj depend on the number of knots n used to 
split the curve and is equivalent to n - 2 because a natural cubic spline is subject 
to the natural boundary constraint where E ci  = E c3 p3 = 0. This makes the spline 
function zero at the outside knots thereby reducing the model in the first and last 
segments of the curve to the straight line 00 + q5 1 t. To ensure that this constraint 
is satisfied, we can write c = Q; where c is an ri x 1 matrix of parameters, 1 is 
a vector of parameters such that V = ( 2 ... q5k) for k = ri - 2. Q is any n x n - 2 
matrix such that T'Q = 0 and T is an N x 2 matrix of is and t2 for i= 1.....,N where 
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N = number of observations. We can therefore expand equation 5.15 as; 
(t) = o + 1t+ ((t 
-)3, 
 (t 	 (t _Pn) 3 )C 	(5.16) 
equivalent to; 
	





In equation 5.16, c is a matrix of constrained parameters while the parameters 
redefined as Q are free of constraints. Let h3 = P3+i.— p3 for j = 1 ... n-i where 
Pj represents the position along the t trajectory where the knots are placed. For 
example, splitting a lactation with observations in weeks 2 to 44 into 4 segments by 
placing the knots at weeks 8, 15 and 20 means that Pi P2 and p3 are equal to 8, 15 
and 20 respectively hence in the example, h2  = p - P2 = 20 - 15 = 5. 
The matrix Q can be defined as; 
hj' 	0 
lt 
L. - I 	i - 1 	i.-1 
i ll - 2 
1 6 
i_ - i 	i-i 	1,-i 
2 lt2 16 - 3 
0 
0 	 0 
(5.18) 
I--' 
1,-i - i-1 
J,-1 
If we choose three knots as in the example above, then j ranges from 1 to 2 and we 
have only h1  = P2 - p and h2  = P3 - P2 and Q reduces to just the first column and 
3 rows of equation 5.18. 
J,-1 















By substituting Q in equation 5.17, the regression equation becomes 
S(x) = 00 + Olt + 02 (h2 1 ((t - 	- (t - P2)+) - h 1  ((t - P2) - (t - •Pi)) 
(5.2'l) 
This is a multiple regression on '1', 't', Z 1 (t), Z2(t), ... Zk(t). In a situation where 
we limit our knots to 3, n=3 and we have only k = n - 2 = 1 spline function. In 
matrix notation, the SPL equation can be written as follows: 
1 t 1 	Z(t 1 ) 
1 t2 Z(t2) 	
00 
= 	 +e 	 (5.22) 
02 
Y 4 3 	 1 t43 Z(t 43 ) 
where Y, is the daily milk yield in lactation week t, and Z(t) is the value of the 
spline function in each lactation week t 2 which varies depending on the choice of 
knots, and Oi are the coefficients. 
In this analysis, the parameters of the regression spline model (equation 5.21) i.e. 
00, i  and 02,  hereafter referred to as a, b and c respectively, were obtained by linear 
regression of Y on t and Z(t). This model was fitted to the herd mean daily milk 
yield as well as to some individual lactations in the herd. For the herd average yield, 
several combinations of knots were tested to determine the combination that gave 
the best fit for the lactation as well as to understand the changes in the shape of the 
curves with variation in the placement of the knots. Initially knots were arbitrarily 
placed at lactation weeks 5, 11 and 25. Subsequently, knots were chosen iteratively 
to minimise the residual sum of squares for the typical lactation. Residuals were 
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obtained and plotted against time while the RMSE was calculated in the usual way. 
The results were subsequently compared to the results of the other empirical models 
for the same lactations. 
5.3.3 Prediction of daily yields with incomplete records 
The accuracy of the different models in predicting daily yields with incomplete 
records was investigated with subsets of the data in which records were available 
in a few chosen stages of lactation. Data subset 1 consisted of the records of the first 
20 weeks of lactation only; subset 2 consisted of 22 records sampled regularly every 
other week; subset 3 consisted of 11 records sampled regularly every 4 weeks; while 
the final subset comprised records in the first and last 10 weeks of lactation. The five 
lactation curve models under study, including the 5-parameters AS model (equation 
5.7), were fitted to each of the four data sets. Curve parameters obtained from each 
model and data were used to project the complete lactation curve. Deviations of the 
predicted yields from the observed yields were also plotted against lactation stage to 
examine the bias in predicting daily yield from different forms of incomplete records. 
5.4 Results 
Characteristics of the models 
Parameters of the lactation curve models obtained by fitting the functions to the herd 
average yield are presented in Table 5.1. Estimated parameters for the regression 
model (equation 5.7) were -26.12, 72.76, -23.80, 40.96 and -8.35 for a, b, c, d and e 
parameters respectively. The WD and ML models predicted yields which peaked at 
the 9"  week of lactation, while the WIL and IQP models predicted peak production 
at 7 and 8 weeks of lactation respectively. The AS models predicted peak yield at 
6 weeks of lactation. The predicted yield at peak were 31.1, 31.8, 31.4, 32.0 and 
31.9kg for the WD, IQP, ML, WIL and AS models respectively. 
Figure 5.3 shows the first derivatives of the resulting lactation curves on the same 
scale. There were large differences in the derivatives of the curves from the different 
models so the first and second derivatives of each model were plotted with separate 
scales in Figures 5.4 and 5.5 to allow the desired features to be seen. Generally 
the curves had positive first derivatives from the start of lactation which declined 
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Table 5.1: Estimates (±SE) of the 3-parameter lactation curve models for daily milk 
yield (kg) 
Model a b c 
GM 25.0±0.594 0.170±0.014 -0.0171±0.001 
WD 3.21±0.024 0.176±0.014 -0.0173±0.001 
IQP 0.024±0.001 0.030±0.001 0.0004±0.0001 
ML 28.9±0.40 -7.25±0.29 11.02±0.54 
WIL 34.2±0.09 -31.2±0.81 -0.26±0.003 
a, b and c are the parameters of the model as shown below; 
SE= standard error of estimates of the curve parameters. 
GM Y = atbe_ct 
WD log(}') = log(a) + b log(t) + ct 
IQP Y =a+bt'+ct 
ML Yt = a + b/ + c log(t) 
WIL Yt = a + be_ct  + ct where k = 0.6095 
weekly and became negative after peak production which is the trend expected for 
the typical lactation curve. The first derivatives indicated a slower rise to peak and 
hence a flatter pre-peak slope for the WD and ML models, and a decreasing rate of 
decline in yield after peak production. The IQP and WIL on the other hand showed 
a faster rise to an early peak and a steeper pre-peak slope with a constant rate of 
decline after peak production. In the WIL model, as t increases, e approaches 
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Figure 5.4: Typical lactation curves produced by the Wood (a) and Mixed Log (b) 
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Figure 5.5: Typical lactation curves produced by the IQP (a) and Wilmink's (b) 
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5.4.1 Prediction of herd mean lactation 
The six models tested predicted the herd average daily yield with a high level of 
accuracy. Correlation between observed and predicted yields averaged 0.98 for milk, 
fat and lactose yield respectively, and 0.99 for protein yield. The standard errors of 
the correlation estimates were less than 0.05. One way analysis of variance showed 
that the predicted yields were not significantly different (P < 0.05) between mod-
els. Yields predicted by the 5-parameter AS (equation 5.7) were consistently more 
correlated with the observed yields, and had the smallest root mean squared errors 
for all traits. This model was only slightly better than the WIL model in accuracy. 
Table 5.2 shows the proportion of variance accounted for (R 2 ) by each model, the 
correlation between observed and predicted yields (rn ) and the root mean squared 
error (RMSE) reflecting the magnitude of the residuals from each model for all 
traits. Correlation between daily yield predicted by the AS and WIL models with 
the observed yields was almost unity. The Wood's (1967) model was generally the 
poorest of the models tested in predicting milk, fat and lactose yields, no matter 
the method used to estimate its parameters. The IQP model was the poorest in 
predicting protein yield. The correlation between observed and predicted yield for 
each model is equivalent to R which is the square root of the proportion of variance 
explained by the model. Subsequently only the R2 estimates are referred to as these 
were obtained directly from each analysis. 
Among the 3-parameter models, the WIL model was the best in predicting milk, fat 
and lactose yields while the ML model was the best in predicting protein yield. There 
was no improvement in the accuracy of the gamma model fitted in its non linear 
form (equation 5.1) compared to fitting the the linearised model (5.10). Fitting 
the model by weighted log-linear regression also did not improve its accuracy. The 
model accounted for 94.4% of the variance in the log of the daily yields and 94% of 
the variance in untransformed yields when fitted by a maximum likelihood iterative 
process. Figure 5.6 shows a plot of predicted yields when the model parameters 
were estimated by non-linear and log-linear regression procedures. There was a 
general upward shift of the curve that was not significantly different from zero (P < 
0.05). The weighted log linear regression produced results that were more similar to 
the non-linear method in terms of proportion of variance explained and residuals. 
Subsequent results presented for the gamma model are based on the log-linear form 
(WD) shown in equation 5.10. 
Figure 5.7 compares the fit of five models tested in this study to the observed milk 
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Table 5.2: Measures of goodness of fit of lactation curve models to milk, fat, protein 
and lactose yield 
Measure Lactation curve models 
of Fit WD WWD 	IQP ML WIL AS 
Milk yield 
x 100 94.4 93.9 	97.9 96.4 99.3 99.6 
rp  x 100 97.1 96.9 98.9 98.3 99.6 99.8 
RMSE (kg) 0.674 0.676 	0.386 0.517 0.232 0.173 
Fat yield 
R2 x 100 96.8 96.6 	97.7 97.3 98.1 98.2 
rp  x 100 98.4 98.3 98.8 98.7 99.0 99.1 
RMSE x 10 3 (kg) 10.9 10.9 	9.5 10.0 8.5 7.7 
Protein yield 
R2 x 100 97.7 97.5 	96.6 98.2 97.4 98.8 
rp x 100 98.8 98.7 98.3 99.1 98.7 99.4 
RMSE x 10 3 (kg) 8.4 8.4 	10.0 7.1 9.1 5.5 
Lactose yield 
R2 x 100 92.7 92.3 	98.4 95.3 99.6 99.6 
rp  x 100 96.2 96.1 99.2 97.7 99.8 99.8 
RMSE x 10 3 (kg) 40.0 40.0 	20.2 31.3 9.9 8.8 
yield data. Figures 5.9, 5.10 and 5.11 show corresponding plots for fat, protein 
and lactose yields respectively. Most models under-predicted milk yield around 
peak production and over-predicted the yield immediately afterwards. This was 
because most curves tend to flatten out before the observed peak yield resulting 
in high positive residuals between the 5th  and 101h  week of lactation and negative 
residuals between the 101h  and 25th  week of lactation. The AS and the WIL models 
were better than the remaining models in predicting yield at all stages of lactation. 
Wood's (1967) model was the poorest in predicting milk, fat and lactose yields. The 
IQP model was better than the ML model in predicting milk, fat and lactose yields 
but was the poorest in predicting protein yield. Visual examination of the plots 
confirms the ranking of the models by the RMSE in Table 5.2. 
A close examination showed that the weakness of most models was in emulating the 
time of peak production as well as the yield at peak. The WD model produced the 
smallest peak yield of 31.1kg/day in week 9 which was sustained for 4 weeks before 
declining. The IQP model predicted a slightly higher peak yield in week 8 sustained 
for 2 weeks. The WIL model was best in emulating the week of peak production 
with the yield at peak in week 7 only 0.3 kg less than the observed yield. The 
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Figure 5.6: Lactation curve predicted by Wood's (1967) curve fitted by non-linear 
versus log-linear regression methods 
equation 5.4) which helps the model to estimate the moment of peak was predicted 
from this same data. The results generally suggest that the day of peak yield and 
how well the lactation curve model predicts it may be an important factor in the fit 
of the model. 
Figures 5.8 show plots of the residual milk yield estimated by the different lactation 
curve models. The residuals ranged from -2.4 to 1.5 kg/day for the WD model. The 
greatest bias was observed in week 2 when daily milk yield was over predicted by 
2.4kg. The range of the residuals for the other models were -1.8 to 1.1 for the ML, 
-1.0 to 0.5 for the IQP and -0.9 to 0.4 for the WIL model. The AS model had a very 
narrow range of residuals (-0.5 to 0.4). The residuals estimated by the WD, ML 
and IQP models followed a pattern which suggests a serial correlation between the 
residuals at different stages of lactation. The estimated residuals were more random 
about zero for the WIL and AS models. This suggests that the former models were 
all biased in predicting yields at certain stages of lactation whilst the latter models 
were not. 
Correlations between the residuals and observed milk yield were 0.28, 0.04, 0.19, 0.06 
and 0.04 for the WD, IQP, ML, WIL and AS models respectively. These estimates 
suggests the absence of a relationship between the mean yield and the residuals 
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Figure 5.8: Effect of lactation stage on residual milk yield estimated by different 
models 
as - 
difficulties in predicting high yields. From this analysis, it is difficult to determine if 
it was the lactation stage or the high yield that most affected the residuals because 
yields are generally higher at certain stages of lactation than others. However, the 
correlations between the residuals and lactation stage ranged between -0.06 (WD) 
and 0.02 for all models, implying that the residuals were more correlated with yield 
than lactation stage. 
The bias of the models in predicting milk yield at peak was also observed in predict-
ing the yield of most milk constituents. The performance and ranking of the models 
in predicting lactose and milk yield were similar. No one model was consistently 
superior in predicting fat and protein yields at all stages of lactation. Residual fat, 
protein and lactose yields estimated by the various models are plotted in Figures 
5.12, 5.13 and 5.14 respectively. The bias in predicting lactose yield followed a sim-
ilar pattern to milk yield, which showed larger residuals around peak production 
and in earlier stages of lactation than in later stages. The pattern of the residu-
als for fat and protein yields on the other hand showed a more random distribu-
tion about zero but still suggests a serial correlation between residuals at different 
stages of lactation. Generally, the models could be ranked from best to worst as 
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Figure 5.14: Effect of lactation stage on residual lactose yield estimated by different 
models 
5.4.2 Prediction of individual lactations 
Eight values of RMSE and R2 were estimated for each of the 488 cows in the original 
data by fitting 4 lactation curve models to each lactation data which were either pre-
adjusted for the effects of other factors or not. The average calving age of the cows 
was 26.8 months and most (57%) began their lactation between May and October. 
Each cow had an average of 37.7 records (ranging from 8 to 43) which were all used 
to estimate parameters of the lactation curves. The week of peak milk production 
ranged from 3 to 41 with a mean of about 10 weeks. 75% of all the cows had a peak 
production at or before the 121h  week of lactation, indicating that the wide range 
was caused by a few atypical lactations. Milk yield at peak production ranged from 
14.7kg to 46.3kg/day with a mean ±SD of 35.1 ± 4.5kg/day. 
The mean RMSE for all cows and models was 1.78kg. It ranged from 0.58kg for the 
lactation predicted with the highest accuracy to 7.12kg for the lactation predicted 
with the lowest accuracy. The proportion of variance in daily yields within lactation 
explained by the different models ranged from 0%, when residual variance was higher 
than the variance of the response variate in extreme cases of a poor fit, to 98% with 
a mean of 67%. These results indicate a wide variation in the accuracy of modelling 
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Figure 5.15: Individual lactations predicted with good (top row), fair (middle) and 
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of some typical lactations showing the high variation in the pattern of production 
displayed by animals in the data set. The Figure shows a plot of the observed and 
predicted yields obtained by the WIL and WD models which were considered to be 
the best and worst respectively 3-parameter models for predicting milk yield in the 
previous section. They represent lactations predicted with good (R 2 > 90%), fair 
(30% <R2 <52%) and poor (R2 < 1%) accuracy: 
Effect of model and data adjustment 
Table 5.3 shows the two goodness of fit measures by model showing the amount of 
between cow variation in the fit of each model. Coefficients of variation (CV) ranged 
between 37 and 45% for RMSE and between 32 and 37% for R2 indicating a high 
variation in the accuracy of predicting individual lactations with the lactation curve 
models studied. Pre-adjusting the data for the effect of age, season of production 
and gestation stage improved the fit of all models but not enough to attain statistical 
significance (P > 0.05). 
Table 5.3: Effect of model and data adjustment on the accuracy of predicting daily 
milk yield 
Lactation curve models 
Trait Statistic WD WIL IQP ML 
NA A NA A NA A NA A 
RMSE Mean 1.79 1.78 1.73 1.70 1.86 1.77 1.73 1.72 
(kg) SD 0.67 0.66 0.67 0.66 0.90 0.76 0.65 0.64 
______ CV (%) 37.4 37.1 38.7 38.8 48.4 42.9 37.6 37.2 
R2 Mean 66.1 66.7 69.2 70.1 64.7 66.4 67.2 68.2 
(xlOO) SD 24.7 22.5 23.7 21.4 24.9 23.2 24.4 22.3 
CV(%) 37.4 33.7 34.2 30.5 38.5 35.9 36.3 32.7 
NA = Not adjusted, A = Adjusted 
Table 5.4 shows the F-ratios and significance of the effects of the lactation curve 
model fitted and adjustment methods used on the the accuracy of modelling individ-
ual lactations. The results show that both measures of accuracy varied significantly 
between models (P < 0.05), but there was no significant effect of the adjustment 
method nor interaction between model and adjustment method. This means that 
pre-correcting this data for the effects of calving age, season and gestation stage, did 
not improve the accuracy of the standard lactation curve models in predicting daily 
yield of individual lactations. Only about 0.4% of the variation in R2 and RMSE 
95 
between cows was explained by this two factor analysis of variance model (equation 
5.11) meaning that most of the variation in fit of the lactation curve models to in-
dividual lactations was due to other factors. The WIL model predicted daily yields 
with the minimum error (RMSE=1.71kg) and highest R2 (70%) on average. 
Table 5.4: F-ratios of the two fit criteria from a two way analysis of variance 
Sources of variation DF RMSE R2 
Adjustment method 1 0.79 0.36 
Model fitted 3 2 . 01* 3.0* 
ADJ*MOD 3 0.32 0.03 
Error mean squares 1944 0.55 591 
* significant (0.01 < P < 0.05), all others were not significant (P> 0.05) 
Between-cows within- model variation 
The variation between cows in the fit of the different lactation curve models was 
further investigated by examining the number of cows whose daily milk production 
was predicted with a good, fair or poor level of accuracy. R 2s obtained by fitting 
each model to individual lactations were grouped into 11 classes. All lactations with 
residual variances higher than the total variance of observed daily yields (extremely 
poor fit) had an R2 value of 0.0. A lactation in which 40% or less of the variance 
in daily yields was explained by the model was classified as poorly fitted while a 
lactation with R2 higher than 70% was classified as indicating a good fit. Values 
in between indicated a fair fit. Table 5.5 show the percentage of lactations in each 
category for all models. 
The WD model explained 70% or more of the total variance of daily yields of 264 
(54%) cows. This implies the model produced a good fit for only half of the lactations 
in this study. The proportion of cows predicted with this level of accuracy by the 
other models was 62%, 51% and 60% for WIL, IQP and ML models respectively. 
The number of cows whose lactations could not the predicted at all (R2 = 0.0) were 
7, 4, 10 and 7 respectively for WD, WIL, IQP and ML models. This means the WIL 
model coped better with particularly poor lactations than the rest of the models. 
There was only slight improvement in these figures after data adjustment. There 
was no significant difference between the models in the distribution of the cows into 
different R2 categories. This implies that about the same lactations were well and 
poorly predicted by all the models. 
M. 
Table 5.5: Percentage of lactations described with varying levels of accuracy by the 
different models 
Models 
Fit Class R2range WD WIL IQP ML 
0.0 - 0.9 1.4 0.8 2.0 1.4 
1.0 - 10.0 3.5 2.3 3.9 2.1 
Poor 10.1 - 20.0 3.3 2.7 2.3 3.5 
20.1 - 30.0 3.5 4.1 2.9 3.3 
30.1 - 40.0 4.1 3.9 5.7 4.1 
Sub Total 0.0 - 40.0 15.8 13.8 16.8 14.4 
40.1 - 50.0 5.1 4.9 7.4 4.5 
Fair 50.1 - 60.0 10.3 8.0 8.2 8.2 
60.1 - 70.0 14.7 11.3 16.2 13.3 
Sub Total 40.1 - 70.0 30.1 24.2 31.8 26.0 
70.1 - 80.0 17.2 18.5 17.0 16.8 
Good 80.1 - 90.0 23.4 27.2 24.6 26.2 
90.1 - 100 13.5 16.0 9.8 16.6 
Sub Total 70.1 - 100 54.1 62.0 51.4 59.6 
Number of cows 488 488 488 488 
Cumulative percentages of lactations predicted with different levels of accuracy by 
the different models are plotted in Figure 5.16. WIL and ML models predicted more 
lactations with a good level of accuracy than the others. There was only a slight 
improvement in the performance of the WIL model over the ML model in the 60 
- 80% range. The vertical arrow marks the 70% level of accuracy on the graph, 
showing that a smaller proportion of lactations was predicted with R2 less than or 
equal to 70% by the WIL and ML models than the WD and IQP models. The 
horizontal arrow marks 50% of the lactations on the graph and indicates that the 
mean R2 for the first half of the lactations was higher for the WIL and ML models 
than the WD and IQP models. 
Effects of age, calving season and pregnancy 
F- ratios from the analysis of variance with a model (equation 5.12) which included 
age and season of calving, gestation stage and flushed status as fixed terms are 
presented in Table 5.6. The results show that these factors all had a significant 
effect (P < 0.05) on the fit of the different lactation curve models. The least square 
estimates of fixed effects however showed no specific trend for any of the factors 
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Figure 5.16: Cumulative percentage of lactations predicted by varying levels of ac-
curacy with different models before (top) and after (bottom) adjustment of data 
generally lower for flushed compared to the non-flushed cows. The lack of any trend 
in the least square estimates of the other factors suggests that the within factor 
variation in RMSE and R2 was likely to be due to the effect of other factors not 
included in the model. 
Table 5.6: F-ratios and significance of some cow traits on the accuracy of predicting 
daily milk yield 
Source of variation DF RMSE R2 
Calving Age 10 8 . 3* * 5 . 8** 
Calving season 25 59** 13 . 9** 
Pregnancy length 8 53** 3 . 2** 
Flushing status 1 24 . 3** 5.0* 
Model fitted 3 2.3 3 . 8* 
Adjustment method 1 0.9 0.4 
Error mean squares 1903 0.47 470 
** = significant (P < 0.01), * = significant (0.01 < P < 0.05), others not 
significant (P > 0.05) 
Effect of number of records, day of peak and lactation peak yield 
The two measures of accuracy were significantly affected (P < 0.01) by lactation 
peak yield and time of peak while only the RMSE was significantly affected by the 
number of records. The model including these factors (equation 5.12) explained 
27% of the total variation in RMSE and 98% of the total variation in R2 between 
cows. Table 5.7 shows the F-ratios summarised from the ANOVA table. The time 
of peak yield alone accounted for about 84% of the total sum of squares for the 
R2 variable, after removing effects due to the other factors in the model. It had 
a negative correlation (r = —0.34) with the R2 values, indicating that lactations 
which peaked late were poorly predicted. 
When the average daily milk yield per cow (AVY), a measure of overall level of 
production, was included in the model instead of the peak yield (PKY), it had a 
highly significant effect on RMSE but not on the R2 s, and there was no improvement 
in the total variance explained by the model. The lactation average daily yield 
was used in this regard because it gave a better indication of the overall scale of 
production than the peak yield which is more variable between cows. Including 
both PKY and A\TY in the model for RMSE resulted in a slight increase in total 
variance explained by the ANOVA model to 28%. Residuals were generally higher 
01111 
Table 5.7: F-ratios and significance of the effect of some lactation factors on accuracy 
of predicting daily milk yield 
Source of 
variation DF RMSE R2 
No. of records 1 34** 0.07 
Week of peak 1 587** 9.9 x 104** 
Peak yield 1 37** 15** 
Average yield 1 43** 
Model 3 1.4 0.24 
Error DF - 1944 1945 
Error mean squares - 0.38 8.36 
** = significant (P < 0.01), others not significant (P > 0.05) 
for lactations with high peak yield, especially for lactations peaking later than week 
20. 
In a subsequent analysis, all factors related to the cow or lactation were included in 
the analysis of variance. These included the calving age, calving season, gestation 
length, flushed status, number of records, week of peak and peak yield as fixed 
terms and R2 and RMSE were again the response variates. AVY was included as 
an additional fixed term in the analysis of RMSE to account for the effect of scale 
of production on the fit of the models. Table 5.8 show the F-ratios and significance 
of each term in the full model (equation 5.13) for both response variables. All 
factors except the model had a significant effect on the residual mean squared error 
from each lactation. The full ANOVA model accounted for about 38% of the total 
variation of RMSE between lactations. This was an improvement of about 10% over 
the reduced ANOVA model fitted earlier. 
The proportion of the variation in R2 explained by the full model was 99%, which 
was an improvement of only 1% over the reduced model (equation 5.12) fitted earlier. 
Only the time of peak and the yield at peak significantly (P < 0.05) influenced the 
R2s in this model. This shows that, once adjusted for the variation in time of peak 
and the yield at peak, the other factors earlier found significant, such as age at 
calving, season of calving, gestation length and flushing status (see Table 5.6), no 
longer had a significant effect on the R2 values. This implies that the lactation stage 
when peak production occurs and the magnitude of the yield at that stage, were 
the main features of the lactation which determined how well it was modelled by 
the standard lactation curve models tested in this study. A good lactation curve 
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Table 5.8: F-ratios and significance of all terms in the full model 
Source of variation DF RMSE R2 
Calving season 26 6* 1.5 
Calving age 10 4* 0.86 
Pregnancy length 8 4* 1.8 
Model fitted 3 1 0.23 
Flushing status 1 18* 0.42 
Week of peak 1 753** 8.6 x 104** 
No. of records 1 9* 0.24 
Peak yield 1 30** 21** 
Average yield 1 20** 
Error DF - 1899 1900 
Error mean squares - 0.34 8.31 
** = significant (P < 0.01), * = significant (0.01 < P < 0.05) others not 
significant (P > 0.05) 
model is therefore one which can mimic these two key features of the lactation with 
reasonable accuracy, while lactations in which these features are not well defined are 
generally difficult to model. 
Variation in observed week of peak production 
There was a high between cow variation in the observed week of peak production. 
The mean week of peak was 10±6 weeks post partum (ranging from 3 to 41 weeks). 
Table 5.9 shows the distribution of cows by the observed week of peak yield, defined 
simply as the week when the maximum daily yield was observed. The majority 
of the lactations (51%) peaked between weeks 6 and 9 (inclusive) while only 11% 
peaked earlier. About 4% of the cows peaked later than week 20 and these had 
significantly lower mean R2 . The mean RMSE and R2 by model and week of peak 
are presented in Table 5.10. Lactations that peaked between weeks 6 and 9 were 
predicted with a higher accuracy by all the models while lactations peaking later 
than week 20 were the worst predicted. 
Correlation between lactation curve parameters 
The correlation between lactation average daily milk yield (A\TY), average milk yield 
between lactation weeks 3 and 8 (PAV), the week of peak production (WTP), milk 
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Table 5.9: Distribution of cows by observed week of peak production 
Week Number Percent Cum. Percent 
3-5 54 11 11 
6-9 251 51 62 
10-20 164 34 96 
21-41 19 4 100 
Table 5.10: Effect of week of peak production on accuracy of predicting daily yields 
by different models 
Measure of Curve Week of peak production Mean 
accuracy model 3 - 5 6 - 9 10 - 20 	21 - 41 SD 
WD 1.78 1.77 1.78 2.14 0.64 
RMSE WIL 1.72 1.66 1.79 2.15 0.64 
(kg) IQP 1.82 1.86 1.85 2.16 0.79 
ML 1.74 1.70 1.72 2.14 0.63 
WD 65 71 63 21 22.7 
R 2 WIL 69 76 65 21 20.5 
(%) IQP 63 70 62 23 23.0 
ML 68 74 66 20 22.0 
No. of cows 54 251 164 19 
yield at peak production (PKY) and the parameters of each of the four lactation 
curve models are presented in Table 5.11. Peak yield was highly correlated with both 
AVY (0.89) and PAV (0.82). 'There was also a high correlation between AVY and 
PAV suggesting that the yield between lactation week 3 and 8 was a good indicator 
of the overall lactation level of production. The correlation between the week of 
peak production and peak yield was almost zero implying that the magnitude of the 
the yield at peak production did not depend on the stage of lactation when peak 
yield occurred. This means that lactations which had a late peak did not generally 
have a higher or lower peak production. However, the correlation between WTP and 
AVY, though small, was positive suggesting that cows that peaked late produced 
more milk per day on average. 
The scale parameter of the WIL model (a) was highly correlated with AVY (0.75), 
PAV (0.65) and peak milk production (0.86), making it a good predictor of these 
traits when k is constant. As shown earlier (Figure 5.1) varying the value of k 
alone had a strong effect on the magnitude and time of peak milk production. No 
parameter of the other models was as highly correlated with these indicators of 
overall level of milk production. Correlation among the three parameters of the WD 
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Table 5.11: Correlation between some lactation traits and parameters of the curve 
models 
AVY PAV WTP PKY a b 
Trait PAV 0.91 - 
WTP 0.17 0.19 - - - - 
PKY 0.89 0.82 0.03 - - - 
WD a 0.24 0.30 -0.05 0.33 - - 
model b 0.01 -0.06 -0.01 -0.01 -0.89 - 
c 0.08 0.11 0.11 0.04 0.62 -0.86 
WIL a 0.75 0.65 -0.10 0.86 - - 
model b -0.05 -0.01 0.05 -0.02 -0.12 - 
c 0.02 0.04 0.29 0.15 0.55 0.08 
IQP a -0.09 -0.04 0.07 -0.18 - - 
b -0.13 -0.17 0.01 -0.14 -0.83 - 
c -0.34 -0.32 -0.16 -0.21 -0.81 0.64 
ML a 0.22 0.29 -0.13 0.38 - - 
Model b -0.09 -0.02 0.14 -0.13 0.25 - 
c 0.15 0.05 -0.06 0.13 -0.50 -0.95 
PAV= Average yield between weeks 3 and 8 of lactation. All other terms are as 
previously defined. 
a, b and c are parameters of WD, WIL, IQP and ML lactation curve models as 
previously defined. 
model was high (mean absolute = 0.79). By contrast, parameters of the WIL model 
were poorly correlated with each other (mean = 0.25). The corresponding mean 
correlation between parameters of the other models were 0.57 and 0.76 for the ML 
and IQP models respectively. 
5.4.3 Prediction of herd mean lactation with the regression 
spline model 
The effect of knot placement 
The accuracy of the regression spline (SPL) model in predicting daily milk yield 
varied with the positioning of the knots used to split the curve into segments. The 
herd average lactation was predicted with R2 values ranging from 85% to 99% by 
varying the position of the knots. The best fit (R 2 = 99.1 and RMSE = 0.268kg), 
when the number of knots was limited to 3, was obtained by placing the knots at 
ION 
lactation weeks 2, 4 and 8 as shown in Figure 5.17. This SPL model was more 
accurate than the WD, IQP and ML models in predicting daily yield and ranked 
next to the WIL model in terms of R2 and RMSE. Parameters of the curve and the 
associated standard errors are presented in Table 5.12 
Table 5.12: Parameters of the regression spline curve 
Terms 	Estimate 	S.E. 
Constant 18.872 0.397 
Week (x) 3.0099 0.0923 
Z(x) -1.0876 0.0311 
Z(x) is the natural spline function with knots at weeks 2, 4 and 8 
Moving the first knot away from the first week of observation reduced the fit of 
the model considerably suggesting that increase in milk yield in the first few weeks 
of lactation was not linear. Figure 5.18 shows changes in the regression line with 
different positioning of the knots. Placing the knots at lactation weeks 5, 11 and 25 
implies that increase in milk yield was linear between lactation weeks 2 and 5, while 
daily production was cubic between weeks 5 and 11 and also between weeks 11 and 
25, and that decline in yield after week 25 was linear. The knots giving the best 
fit suggest that milk yield between weeks 2 and 4 was better described by a cubic 
polynomial than a linear regression and that yield beyond lactation week 8 could 
be described with a linear regression. This is also obvious from Figure 5.17 where 
the third horizontal line marks lactation week 8. Increasing the interval between the 
last two knots t 2 and t3 increased the flatness of the curve around peak suggesting 
that a good fit will be achieved for highly persistent lactations by manipulating 
the placement of the knots. This also suggests that when the best fit for a given 
lactation has been achieved, the difference (t 3 - t2 ) defined as h2 (see section 3.3.2 
and equation 5.18), is a measure of persistency. 
As expected from its effect on the fit of the model, the positioning of the knots 
influenced the magnitude and randomness of the residuals as shown in Figure 5.19. 
With the knots at lactation weeks 2, 4 and 8, residuals were random and small., 
Large residuals (exceeding ±1.5kg) were observed only for the first and last 2 weeks 
of lactation. This model was the best in predicting the observed herd average milk 
yield around peak production compared to all empirical models studied. Again this 
accuracy depends on appropriate placement of the knots. Daily yields around peak 
production were under predicted while yields in early and mid lactation stages were 
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Figure 5.17: Prediction of herd average daily yield by the regression spline model 
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Figure 5.18: Effect of knot placement on the fit of the regression spline model of the 
lactation curve. The numbers represent position of the knots 
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the last few weeks of lactation were predicted with smaller residuals when production 
after week 8 was assumed to be linear by placing the third knot at week eight rather 
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Figure 5.19: Effect of knot placement on residuals of daily milk yield predicted by 
the spline function 
Similarity between the spline and exponential (WIL) models 
With the knots placed at lactation week 2, 4 and 8, the SPL model was very similar 
to the WIL model with k = -0.6095. Both models suggest a constant rate of decline 
in yield after peak and hence zero second derivatives after peak yield. Figure 5.20 
shows the mean herd lactation curve predicted by the WIL and SPL models. The 
two regression lines were close and the behaviour of the SPL model when the position 
of the knots was changed was similar to the behaviour of the WIL model when the 
value of kwas changed (see Figures 5.1 and 5.18). In the spline function, the position 
of the knots or rather h2 as defined earlier, determines the moment of peak yield 
(magnitude and time). In the WIL model, this property depends on the value of 
the constant. 
The similarity between the SPL and WIL models was further compared by looking at 
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Figure 5.20: Prediction of the herd mean lactation by the SPL (p 2 =2,4 and 8) and 
WIL (k=-0.6095) models of the lactation curve 
lactations. Figures 5.21 and 5.22 show plots of the observed and predicted yields. In 
both cases, the spline model with knots at weeks 2, 4 and 8 was consistently similar 
to the WIL model with k = -0.6095. Both models predicted the yield of the typical 
lactation well and predicted the yield of the atypical lactation poorly. However, the 
accuracy of the spline model in predicting the atypical lactation (Figure 5.22) was 
improved by changing the position of the knots. Similar improvement to the WIL 
model (not shown) was achieved by increasing k. The other models studied do not 
have any feature that can make them as flexible as the WIL and Spline models in 
modelling the lactation curve of non typical lactations. 
5.4.4 Modelling the lactation curve with partial lactation 
records 
The accuracy of predicting missing records from incomplete lactation records was 
investigated using weekly records in the first 20 weeks of lactation (F20), records 
sampled every other week (F22) or monthly (F11) throughout lactation. These were 
compared with lactations predicted from all available records or using records in 
the first and last 10 weeks of lactation only (FL20). Figure 5.23 and 5.24 shows 
















Figure 5.21: Prediction of a typical individual lactation by the regression and WIL 
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Figure 5.22: Prediction of a non typical individual lactation by the regression and 































lactation curve were fitted to the above partial lactation sub sets of data. 
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Figure 5.23: Prediction of herd mean lactation with full (Pred-43), 22 (Pred-22) or 
11 (Pred-11)evenly spaced records compared to the first 20 (Pred-F20) records using 
ML (top) and AS (bottom) models 
Generally, the accuracy of predicting missing daily yields depended more on the 
distribution than the number of the available records from which the curve parame-
ters were estimated. When the parameters were estimated from records of the first 
20 weeks of lactation (Pred-F20), the WD, IQP and ML models all grossly under 
predicted while the AS model grossly over predicted daily yields beyond lactation 
week 20. Yields in mid lactation were also over predicted by these models when their 
parameters were estimated from records in the first and last 10 weeks of lactation 
only. This implies that these models were poor in predicting yields outside the data 
space. The WIL model, however, predicted the missing records more accurately 
than the other models suggesting that records in the first 20 weeks of lactation or in 
the first and last 10 weeks of lactation were sufficient for this model to predict the 
entire lactation. For all the models, the lactations were modelled as well with 22 or 
11 evenly spaced records available as when all 43 records were used. 
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Figure 5.24: Prediction of herd mean lactation with full (Pred-43), 22 (Pred-22) 
or 11 (Pred-li) evenly spaced records compared to the first 20 (Pred-F20) or first 
and last 10 (Pred-FL20) records using the WIL (top), WD (mid) and IQP (bottom) 
models 
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production has been accurately predicted and the rate of decline established with a 
few records after peak yield, the absence of the remaining records will have no effect 
if the slope is well estimated and it is linear. However when yield around peak is 
highly variable as in individual lactations, the declining slope requires more points 
to establish, resulting in a poor fit as observed when the first 20 records of some 
individual lactations were used to predict the entire lactation as shown in Figure 
5.25. These results indicate that projecting the lactation curve from early records 
of individual cows using the curve models investigated here, without any form of 
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Figure 5.25: Prediction of individual lactation with full (Pred-43) or the first 20 















The accuracy of lactation curve models in this study was measured in terms of the 
correlation between observed and predicted yield, the proportion of variance of the 
dependent variates explained by the model and the root mean squared error which 
measures the magnitude of the bias between the observed and predicted yields. The 
models compared comprised the gamma function (Wood, 1967) with the parameters 
obtained by linear regression, the inverse quadratic model (Yadav, 1977), a mixed 
log model (Guo and Swalve, 1995), an exponential model (Wilmink, 1987b) and a 
regression model (Ali and Schaeffer, 1987). The gamma function (Wood, 1967) was 
fitted twice, first by log linear regression and subsequently by weighted log linear 
regression. The weighted regression was expected to be more accurate but the results 
of this study found that the two models predicted the herd mean yield with the same 
level of accuracy. Predicting parameters of the Wood's model by non-linear least 
square means also did not improve its accuracy compared to the log-linear regression 
procedure as others have shown (Rowlands et al., 1982; Elston et al., 1989) which 
is contrary to the suggestion of some earlier studies (Kellog et al., 1977; Cobby and 
Le Du, 1978). 
The lactation curve models tested predicted the herd mean lactation with a high 
level of accuracy (R 2 > 94%). This level of accuracy was higher than that reported in 
a study involving most of the models tested here (Guo and Swalve, 1995) although 
it is not clear from that report if the reported values were averaged over several 
lactations or not. However, data were obtained from one herd where animals were 
housed indoors and fed the same ration all year round for this study. It is most 
likely then that there will be much less variation in daily yield both between and 
within lactations in this study than others involving more cows from several herds. 
The high level of accuracy in predicting the herd mean daily yield cannot be used 
as a criteria for choosing one of these models to serve as a sub-model of lactation 
stage effect (Ptak and Schaeffer, 1993) in the evaluation of test day records. This is 
because the accuracy of the models has a very high variance when the models are 
fitted to individual lactations (Rowlands et al., 1982; Guo and Swalve, 1997). The 
accuracy of the models averaged over all 488 cows was less than the mean reported 
by Rowlands et al.,(1982) in a study which involved fewer animals. Also, most 
of their models were fitted by non-linear methods, which generally perform better 
than fitting linear models (Cobby and Le Du, 1978), although that advantage was 
not observed when parameters of the gamma model were obtained by least squares 
method in this study. 
113 
Previous studies (Cobby and Le Du, 1978, Rowlands et. at., 1982; Elston et at., 1989) 
have shown that the bias in predicting daily milk yield with different models depends 
on lactation stage. In this study, most models under predicted milk yield around 
peak and over predicted yield .shortly after peak as observed by others (Rowlands 
et al., 1982; Elston et at., 1989; Perochon et at., 1996). The pattern of the residuals 
for milk yield suggests the errors of predicted yields at different stages of lactation 
were not independent which is contrary to the assumption of random or constant 
error made in the analysis of test day records (Ptak and Schaeffer, 1993). Models 
that have predicted yield with constant variance tend to be those with more than 
3 parameters as shown in this study (AS model) and elsewhere (e.g. equation (iv) 
of Perochon et at., 1996). Of the 3 parameter models, the WIL model (Wilmink, 
1987b) yielded the lowest residuals and smallest range of residuals. 
Most of the lactation curve models fitted in this study have been shown to behave 
well only within the data space. All models were biased in predicting yields beyond 
lactation week 20 when only records in the first 20 weeks of lactation were used to 
estimate the curve parameters. The five parameter AS model (Ali and Schaeffer, 
1987) was particularly poor in this respect. This can be attributed to the dependence 
of the models on parameters which need to be accurately estimated from the data. 
The implication is that if genetic evaluation were to be based on. test day models 
involving models of the lactation curve (Jamrozik and Schaeffer, 1997; Jamrozik 
et at., 1997a) or covariance functions (Meyer and Hill, 1997) then care must be 
taken to ensure that the animals have sufficient records at all stages of the lactation 
otherwise the covariances, genetic parameters and hence breeding values for the 
curve parameters may be biased or even inestimable. However, this may not arise 
if the individual with few records has sufficient relatives in the data with complete 
records as information from relatives and other contemporaries will be used to adjust 
the estimates for each individual. 
Results from the second part of this study indicate significant variation in the fit of 
the different models to individual lactations. Such high variation has been observed 
for other lactation curve models (Rowlands et at., 1982) and attributed to the effect 
of several environmental and genetic factors (Perochon et at., 1996). This suggests 
that the suitability of most empirical models of the lactation curve does not depend 
on the algebra of the function alone but also on the biological nature of the lactation 
itself, which may vary at random between cows and may also depend on manage-
ment. Perochon et at., (1996) showed that by incorporating the effects of various 
environmental factors into the lactation model, their 4-parameter model could fit 
114 
very different lactation patterns accurately. Apart from requiring the estimation of 
4 parameters, this model could only be fitted by non-linear regression methods. It 
also requires accurate recording of all possible environmental factors that affect test 
day yields which may not always be feasible e.g. recording conception dates. 
Most of the variation in the shape of the lactation curve can be attributed to differ-
ences between individuals in persistency (Trus and Buttazzoni, 1990; Danell, 1990) 
which has led to the suggestion that covariates modelling the lactation curve should 
be included as fixed regressions, and random regressions in the genetic analysis of 
test day records (Schaeffer and Dekkers, 1994; Jamrozik and Schaeffer, 1997; Meyer 
and Hill, 1997). The fixed regressions are fixed for members of each contemporary 
group and model the general shape of the lactation curve which is the same for 
all members of a given contemporary group. They thus account for the differences 
between contemporary groups in the shape of the lactation curve. The random 
regressions on the other hand, model the deviation of individual lactations from 
the contemporary group mean and hence accounts for the variation between indi-
viduals within groups in the shape of the lactation curve. The random regression 
model therefore accounts more accurately for the variation between individuals in 
the shape of the lactation curve. A study of the random regression model is reported 
in Chapter 7 results of which suggest that a suitable model of the lactation curve 
willstill be required to accurately model the covariances between test day records 
within lactation. 
The most important factor affecting accuracy of the lactation curve models studied 
was the week of peak production. Lactations which peaked between the 61h and 91h 
week were predicted with a higher accuracy than those peaking earlier or later, while 
lactations peaking later than week 20 were difficult to model. This suggests that 
more lactations could be accurately predicted if this trait is included in the model 
as a covariate. Perochon et at. (1996) found that including the initial production as 
a regressor representing level of production increased the accuracy of their models. 
In this study, factors representing level of production such as the overall average 
yield, the average yield in the first 8 weeks of lactation and the yield at peak did 
not significantly influence the fit of the models when the week of peak production 
was included in the model. Most studies reported in the literature did not consid-
ered variation in time of peak yield and its effect on the accuracy of modelling the 
lactation curve. 
This study has shown that the lactation curve of the cow can be modelled by fitting 
a regression spline model derived from the principles of natural cubic splines (Green 
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and Silverman, 1994). A model which split the lactation curve into 3 segments 
was found to predict daily yields as accurately as other standard models of the 
lactation curve. A GENSTAT code for estimating the spline function and fitting the 
model is supplied in Appendix 1. It is relatively simple to apply using this or other 
programming languages. Further improvements can be made to allow an iterative 
search for the position of the knots to give the best fit for individual lactations which 
will allow many more lactations to be accurately modelled. One limitation with the 
spline model is in explaining the biological meaning of the model parameters. 
5.6 Conclusion 
Lactation curve models were fitted to the herd average daily milk and components 
yield as well as to individual lactations. The objective was to determine the best 
fitting model in terms of the relationship between observed and predicted yield, 
the magnitude and distribution of the residuals by lactation stage as well as the 
proportion of individual lactations fitted accurately by the different models. The 
results show that the exponential function (Wilmink, 1987b) was more efficient than 
all other 3-parameter models tested. A regression spline model derived was very 
similar to Wilmink's (1987) model both in properties and accuracy. There was a 
high variation in the proportion of variance within individual lactations explained 
by the different models. The correlation between observed and predicted yields was 
over 0.70 in only half of the individual lactations modelled. 
Accuracy of the curve models studied was not significantly different after adjusting 
for the effect of other factors. A significant proportion of this variation was due 
to differences between cows in the shape of the lactation curve and the lactation 
stage when peak production occurred. Environmental factors such as age, season 
of production and production level did not influence the fit of the model because 
these factors caused a shift in the curve rather than change the overall shape of 
the curve. Thus factors, such as genetic difference in persistency, which change the 
typical shape of the lactation curve affect the accuracy of the empirical models in 
predicting daily milk yield of the dairy cow. 
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Chapter. 6 
PHENOTYPIC CORRELATION AMONGST MILK 
YIELD AND COMPOSITION TRAITS AT DIFFERENT 
STAGES OF LACTATION 
6.1 Introduction 
The use of a repeatability test day model in the evaluation of dairy cattle (Ptak and 
Schaeffer, 1993) is often supported by the high genetic correlation between individual 
test day and 305-day yields (Meyer et al., 1989; Pander et at., 1992; Panderet at., 
1993b; Swalve, 1995a). Because most animals do not calve on the same day, a test 
day yield may be the yield on any of a wide range of days within a monthly period. 
This implies that the relationship between yields on specific days in milk has not 
been widely studied. Also, the correlation between yields separated by less than 30 
days is not well documented, yet this information will be relevant in understanding 
the covariance structure of daily yield records within lactation. It will also be useful 
in deciding on the number of test day records to include in the analysis and the 
model to use in the evaluation of dairy cattle based on test day record5. More 
importantly, the correlation amongst daily yields will be useful in predicting missing 
records which may occur during lactation for several reasons as explained in Chapter 
2. 
Most reports on the relationship between test day yields (Meyer et at., 1989; Pander 
et at., 1992; Pander et at., 1993b; Swalve, 1995a) conclude that the correlation 
between them declines as the interval between tests increases. None of the studies 
however highlight the fact that for the same interval between tests, the correlation 
between test day yields also depends on the lactation stage. The variation in actual 
estimates from these studies can be attributed to different methods of estimation 
and the non genetic factors accounted for. For example Auran (1976) pre-adjusted 
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monthly test day and cumulative test day yields with multiplicative factors for the 
effects of age, month of calving and the interval between calving and first test and 
obtained variance components by hierarchical analysis of variance. Danell (1982b) 
on the other hand applied ordinary least squares methods with a sire model which 
included month and age at calving as fixed effects. A restricted maximum likelihood 
(REML) analysis with a sire model was used by Meyer et at. (1989) and Pander 
et al. (1992). Meyer et al. (1989) compared models in which they classified the 
seasonal effect either as herd-year-season or as herd-test-day. The effect of lactation 
stage was accounted for by including days in milk either as a factor or as a covariate 
(linear and quadratic regression) while the effect of age at test was compared to age 
at calving. Varying amount of genetic and non-genetic variation was accounted for 
by the models and this resulted in different estimates of genetic parameters but the 
overall trend was similar. 
The objective of most of these studies was to determine which test days were highly 
correlated with 305-day yield, which could best substitute for total yield in genetic 
evaluation (Danell, 1990). Presently, there is also the need to understand the co-
variance structure of repeated yields which means that accurate estimates of the 
correlation between yields in specific days in milk are required. With the knowledge 
of the true covariance structure of milk yield at different stages of lactation, 305-day 
yields can be predicted more accurately by using the known covariance amongst 
daily yields at different stages of lactation to accurately predict missing daily yields 
(Kirkpatrick et at., 1994) and hence the cumulative 305-day yield. Methods of pre-
dicting 305-day yields that use similar principles have been proposed (Schaeffer and 
Jamrozik, 1996; VanRaden, 1996). 
The repeatability model assumes that the variation between yields within lactation 
is wholly environmental, caused by temporary differences of environment between 
successive yields (Falconer and Mackay, 1996). The ability to accurately estimate 
these transient environmental effects means that more accurate adjustment for en-
vironmental effects can be made resulting in a more accurate estimation of missing 
yields at different stages of lactation and genetic parameters. 
6.2 Objective 
The main objective of this study was to estimate within and between trait phenotypic 
correlations for milk, fat, protein and lactose yields as well as fat, protein and lactose 
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contents at different stages of lactation. The study was also aimed at determining 
the relationship between milk yield and each of the other traits at different stages of 
lactation as well as the correlation between individual and 305-day yields for each 
milk production trait. The secondary objective was to understand the structure 
of the relationships by determining the effect of lactation stage and the interval 
between records on the correlation between and within each of the traits. 
6.3 Materials and Method 
Records of 325 non flushed cows described in Chapter 4 were used in this study. 
Records of milk, fat, protein and lactose yield and concentration were individually 
adjusted for the effects of age at calving, season of production and gestation stage 
with factors estimated in Chapter 4. For this analysis, records of pregnant cows were 
adjusted to their non pregnant equivalent and to the mean yield of cows aged 27 
months at calving. After adjustment, each weekly record was regarded as a different 
trait with the number of records equal to the number of animals having records in 
that week. Missing records were coded and eliminated by pairwise deletion from the 
analysis so that only pairs of records where both variables had values were used to 
esfimate the correlation coefficients. 
Serial correlations (phenotypic) between yields of the same trait at different stages 
of lactation were computed using a standard statistical software. Subsequently, 
yield and content traits in each week of lactation were correlated with milk yield 
to estimate the relationship between daily milk yield and its component traits at 
different stages of lactation. Finally, the official predicted 305-day cumulative yield 
for each trait was correlated with individual test day yields for the respective trait 
to obtain the correlation between test day and total lactation yields. The number of 
record pairs used for the estimation of each correlation coefficient was obtained and 
used to compute the standard error of the correlation coefficients. Elements of the 
correlation matrix for each production trait were subsequently stacked to obtain a 
linear variable for summary analysis. - 
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6.4 Results 
6.4.1 Serial correlation within traits 
The full correlation matrices showing the relationship between records of the same 
trait at different stages of lactation are presented in Appendices .2 to .9 for all yield 
and content traits. Table 6.1 shows the correlation among each yield trait at selected 
stages of lactation and 305-day yields. Corresponding estimates for content traits 
are presented in Table 6.2. The correlations amongst yields of the same trait at 
different stages of lactation were all positive implying that increase in yield at any 
stage of lactation will result in increases at all other stages. This was also true for 
the content traits. 
Generally, the correlation estimates were high for all traits. Table 6.3 shows a 
summary of the correlation among yields of the same trait at different stages of 
lactation for the yield and content traits. Correlations amongst milk yields ranged 
from 0.56, between yields in week 2 and 44, to 0.97 between yields in weeks 35 and 
36. The mean correlation among milk yield was about 0.82 which means that, on 
the average, about 67% of the variation in daily milk yield can be explained by 
the linear relationship between them. However for individual pairs of weeks, the 
proportion of variation explained by the linear relationship varies. For example, 
only about 31% of the variation in daily yields in weeks 2 and 3 was explained by 
the linear relationship between them compare.d to 94% of the variation in milk yield 
in lactation weeks 35 and 36. 
The correlation between fat, protein or lactose yield or contents in any pair of 
weeks was lower than the equivalent correlation for milk yield meaning that more 
variation in milk yields at different stages of lactation could be explained by the 
linear relationship between them. This also implies that milk yield may be more 
accurately predicted from yields in other stages of lactation than any of the other 
traits could. In this regard fat contents were the least correlated of all the content 
traits while fat yields were the least correlated of the yield traits. Serial correlations 
of fat, protein and lactose contents were generally higher than the serial correlation of 
their corresponding yields implying that the yield traits were generally more variable 
within lactation than the content traits. This can be attributed to the high variation 
of the test day milk yields from which they were derived (Chapter 2), which served 
as an additional source of variance. The correlation of individual test day yields for 
each trait and the corresponding 305-day yield were similar for all traits. Detailed 
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Table 6.1: Phenotypic correlation (x 100) amongst daily milk yield traits and their 
respective 305-day (LY) yields 
Week 4 8 12 16 20 24 28 32 36 40 44 LY 
Lactose yield 
4 73 58 55 59 57 53 52 45 39 34 45 
8 83 76 70 70 66 62 50 48 42 39 47 
12 78 82 82 73 65 69 61 57 47 48 61 
16 81 83 91 80 82 80 72 73 66 66 71 
Milk 20 80 81 86 90 80 79 69 67 57 54 71 
yield 24 77 77 83 90 92 82 83 77 65 62 72 
28 74 73 82 88 88 91 80 74 64 59 72 
32 70 69 79 83 85 89 88 87 80 76 69 
36 73 71 81 88 86 90 90 91 91 78 74 
40 68 66 72 80 80 83 83 84 93 80 70 
44 65 66 71 74 72 76 77 79 83 85 66 
LY 43 46 63 70 71 74 76 71 78 76 59 
Protein yield 
4 70 56 49 58 45 48 47 36 33 24 42 
8 66 67 61 65 51 50 37 43 35 28 44 
12 48 60 75 66 56 58 52 45 45 37 58 
16 49 59 70 72 72 72 62 66 58 55 70 
Fat 20 45 48 50 60 73 73 63 63 51 45 73 
yield 24 49 51 55 60 46 76 77 69 59 54 73 
28 50 53 51 54 51 66 74 70 56 56 76 
32 47 47 47 56 56 69 67 83 77 73 73 
36 43 46 40 54 59 68 61 80 86 73 75 
40 34 36 43 50 43 59 54 75 75 78 71 
44 30 24 26 40 38 41 51 61 65 72 66 
LY 42 40 50 64 60 64 65 69 73 68 62 
Week 4 8 12 16 20 24 28 32 36 40 44 LY 
Each off diagonal element represents the correlation between yields of the same 
trait at different stages of lactation. 
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Table 6.2: Phenotypic correlation (x 100) amongst daily milk content traits 
Protein contents 
Week 4 8 12 16 20 24 28 32 36 40 44 
4 72 60 57 51 52 55 50 46 54 46 
8 52 73 74 60 69 65 62 61 65 58 
12 37 57 79 65 75 69 71 63 72 68 
16 38 51 60 77 77 72 76 70 72 67 
Fat 20 38 53 54 61 77 70 78 71 63 65 
content 24 43 59 62 57 56 81 81 73 71 69 
28 45 61 60 59 58 75 78 73 72 70 
32 41 51 57 60 66 69 73 80 73 76 
36 42 54 54 51 60 69 65 73 77 77 
40 28 47 62 55 48 64 66 69 65 78 
44 27 49 58 53 54 58 65 65 58 58 
Total solids content 
4 63 45 43 43 50 43 39 38 31 41 
8 72 63 56 55 59 56 49 51 45 49 
12 65 73 73 62 69 64 62 55 60 62 
16 61 70 66 70 67 64 69 58 65 61 
Lactose 20 58 64 69 66 73 67 74 69 56 59 
content 24 66 71 73 74 71 81 81 76 69 65 
28 58 63 67 70 65 75 81 72 72 67 
32 63 69 66 72 75 77 75 80 78 75 
36 57 68 62 67 64 79 75 77 76 73 
40 55 62 64 66 67 74 72 77 78 69 
44 52 59 61 56 58 68 62 69 65 	66 
Week 4 8 12 16 20 24 28 32 36 40 44 
Each off diagonal element represents the correlation between yields of the same 
trait at different stages of lactation. 
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discussion of the trends are presented in subsection 6.4.3. 
Table 6.3: Summary of within trait correlation coefficients 
Trait Mean SD Min Max 
Milk yield 0.818 0.086 0.56 0.97 
Fat yield 0.542 0.133 0.19 0.84 
Protein yield 0.598 0.154 0.17 0.91 
Lactose yield 0.669 .0.144 0.25 0.93 
Fat content 0.571 0.126 0.14 0.82 
Protein content 0.712 0.104 0.40 0.91 
Lactose content 0.685 0.077 0.38 0.86 
SD = Standard deviation of mean of coefficients. 
Effect of test week 
The average correlations between milk yields in each lactation week and the remain-
ing 42 weeks of lactation are plotted in Figure 6.1a. Corresponding estimates for the 
other traits are also plotted in Figure 6.1. The general trend indicates that yields 
inmid lactation were more highly correlated with the remaining yields than yields 
in early and late lactation stages, implying that milk yield and composition in any 
stage of lactation will be more accurately predicted from mid lactation yields than 
yields in early or late stages of lactation. The mean correlation of daily milk yield 
between lactation weeks 10 and 40 and the others was consistently over 0.80. Yield 
in week 30 had the highest mean correlation (0.87 ± 0.07) with yields in all other 
stages of lactation. The effect of test week on the average correlation among fat, 
protein and lactose yields followed the same trend as for milk yield. Fat content 
in lactation week 2 was the least correlated with the content in the other weeks of 
lactation (0.27). Beyond week 12, the average correlation was consistently between 
0.54 and 0.65. For protein content, estimates for week 2 averaged 0.52 increasing to 
0.73 in week 12. Beyond week 12, the estimates consistently averaged between 0.70 
and 0.76. The relationship between lactose content at various lactation stages as a 
function of lactation stage was generally lower than for protein content. 
Effect of interval between tests 
The effect of the interval between records was determined by summarising the corre-
lation coefficients by the absolute difference between every pair of weeks. Generally, 
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Figure 6.1: The average correlation amongst milk yield and composition traits by 
lactation stage (left) and interval between records (right) 
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the correlation between yields of the same trait in any pair of weeks declined as the 
interval between the weeks increased. Figure 6.1b shows the observed trend for all 
traits. Correlation amongst milk yields declined from a mean of 0.93 between yields 
in adjacent weeks of lactation to 0.61 for records separated by 41 weeks. There was 
a rapid decline in the mean correlation for records over 37 weeks apart which can be 
attributed to the low correlation between yields in the first few and later weeks of 
lactation. The rate of decline was higher for fat, protein and lactose yields than the 
corresponding contents and milk yield. The rate of decline estimated by regressing 
the mean correlations on the interval was smallest for lactose content followed by 
milk yield. Table 6.4 shows the intercept and slope of the straight line fitted to 
describe the mean correlation between yields as a function of the interval between 
tests. 
Table 6.4: Linear effect of interval between tests on correlation coefficients (x 100) 
Trait Intercept Slope R2 (%) 
Milk yield 92.8 -0.75 99 
Fat content 69.7 -0.86 87 
Protein content 84.1 0.88 97 
Lactose content 77.8 -0.64 88 
Fat yield 67.8 0.92 93 
Protein yield 77.8 1.23 99 
Lactose yield 84.7 1.21 99 
The mean (±SD)correlation between fat content in adjacent weeks of lactation 
averaged 0.66 ± 0.09 while the corresponding estimate for records separated by 30 
weeks was 0.49 ± 0.13. This further decreased to 0.28 for records 41 weeks apart. 
The average correlations of records in adjacent weeks were 0.83 and 0.77 for protein 
and lactose contents respectively while corresponding estimates for fat, protein and 
lactose yields were 0.71, 0.80 and 0.84 respectively. The mean correlations for yields 
separated by 41 weeks were 0.41 and 0.46 for protein and lactose contents and 0.31, 
0.29 and 0.34 for fat, protein and lactose yields respectively. 
6.4.2 Correlation between traits 
The full correlation matrices showing the relationship between milk yield and its 
component yield and content traits at all stages of lactation are presented in Ap-
pendices .10 to .15. The mean correlations between milk yield and its component 
traits are presented in Table 6.5. The correlation between milk and fat yield was 
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lowest (r = 0.06) between fat yield in week 12 and milk yield in week 43, and high-
est (r = 0.67) between milk and fat yields in week 43. The mean correlations of 
milk yield with fat and protein contents were negative. However milk yield in each 
of the last 20 weeks of lactation was positively correlated with fat content in the 2nd 
week of lactation as shown in Appendix .10. The estimates between the two traits 
in the first 10 weeks of lactation as well as between the first 10 and last 10 weeks of 
lactation were generally small and mostly less than 0.20. Milk yields in the first 10 
weeks of lactation was positively correlated with protein yield in the last week (week 
44) of lactation. Generally, milk yield was more highly correlated with protein and 
lactose yields than fat yield for the same pair of weeks and more strongly correlated 
with the yield traits than the content traits. 
Table 6.5: Average correlation (x 100) between milk yield and composition traits 
Trait Mean SD Min Max 
Fat yield 0.37 0.11 0.06 0.67 
Protein yield 0.50 0.12 0.16 0.78 
Lactose yield 0.59 0.12 0.16 0.84 
Fat content -0.21 0.12 -0.43 0.19 
Protein content -0.17 0.08 -0.36 0.18 
Lactose content 0.28 0.07 0.09 0.49 
Table 6.6 shows the correlation between milk yield and the other yield traits in 
selected weeks of lactation. Each row shows the correlation between milk yield in a 
week of lactation and the yield of the other trait at different stages of lactation. Each 
column on the other hand shows the correlation between milk yield at different stages 
of lactation and the yield of the other trait in the column week of lactation. For each 
trait pair, the diagonal elements represent the correlation of the two traits in the 
same week of lactation. Correlations between milk yield and fat, protein and lactose 
yields ranged from medium to high. The highest correlations were between yields 
at the same or close stages of lactation. Correlations between milk and protein and 
lactose yields were in general higher than between milk and fat yield and exceeded 
0.60 between yields in the later stages of lactation. The correlations between milk 
yield in early lactation and fat yield in later stages were higher than the correlations 
between fat yield in early lactation and milk yield in later lactation. Figure 6.2 
shows the effect of the week of the milk record and the interval between records on 
the correlation between milk yield and its component traits. 
Table 6.7 shows the relationships between milk yield and composition at different 
stages of lactation. Correlations between milk yield and fat content ranged from - 
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Table 6.6: Correlation (x 100) between milk and other yield traits at different stages 
of lactation 
Week 4 8 12 16 20 24 28 32 36 40 44 
Fat yield 
4 49 44 24 22 32 38 37 37 33 35 31 
8 37 51 34 31 35 41 39 35 32 33 28 
12 34 41 38 37 34 41 41 39 40 37 32 
16 32 40 30 39 35 45 47 42 43 42 36 
Milk 20 28 33 25 27 38 41 45 42 42 40 29 
yield 24 23 33 18 27 36 47 51 48 47 45 39 
28 28 28 19 23 31 41 53 48 49 49 43 
32 26 24 16 22 25 44 45 54 48 49 40 
36 28 28 17 28 29 46 43 55 59 63 51 
40 26 24 22 32 26 43 40 55 56 63 55 
44 20 15 12 20 20 34 32 49 48 52 55 
Protein yield 
4 63 43 35 40 49 45 41 49 41 44 41 
8 52 59 49 53 57 52 46 48 42 44 41 
12 43 39 55 57 52 52 50 53 49 46 44 
16 43 42 46 63 57 56 58 60 55 51 50 
Milk 20 42 37 42 53 65 57 57 61 54 52 46 
yield 24 40 37 35 55 59 66 64 67 60 54 53 
28 39 35 38 50 53 58 68 68 64 59 56 
32 35 24 31 46 48 56 57 75 63 60 54 
36 38 30 34 53 50 55 54 71 73 72 65 
40 34 24 31 49 45 53 49 68 68 73 67 
44 30 18 25 38 35 42 63 56 60 60 69 
Week 4 8 12 16 20 24 28 32 36 40 44 
Lactose yield 
4 67 52 41 48 55 56 50 56 50 49 42 
8 57 70 57 60 62 63 56 54 49 48 45 
12 48 53 66 66 62 64 60 62 58 53 50 
16 47 55 58 72 66 67 66 66 64 58 55 
Milk 20 47 53 53 66 75 72 68 69 65 60 52 
yield 24 44 49 47 68 68 77 74 75 71 62 58 
28 43 46 48 62 64 69 76 75 72 67 61 
32 39 39 43 59 60 68 68 83 74 68 60 
36 42 43 46 67 62 70 65 79 83 79 71 
40 40 37 41 63 57 66 61 76 78 82 72 
44 36 29 35 48 45 51 49 69 66 67 73 
Week 4 8 12 16 20 24 28 32 36 40 44 
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Table 6.7: Correlation (x 100) between milk yield and content traits at different 
stages of lactation 
Week 4 8 12 16 20 24 28 32 36 40 44 
Fat content 
4 -2 3 -8 -17 -11 -23 -12 -14 -6 -15 -4 
8 0 -7 -15 -24 -16 -27 -20 -17 -13 -20 -12 
12 -5 -5 -17 -25 -20 -28 -22 -29 -15 -21 -28 
16 -11 -7 -23 -31 -21 -32 -26 -33 -22 -24 -28 
Milk 20 -8 -11 -23 -33 -26 -36 -29 -30 -20 -24 -26 
yield 24 -9 -11 -27 -35 -21 -39 -29 -35 -26 -22 -26 
28 -5 -5 -19 -31 -27 -26 -29 -27 -19 -21 -22 
32 -10 -7 -26 -36 -30 -31 -28 -36 -26 -29 -36 
36 -6 -9 -22 -31 -25 -33 -31 -32 -23 -25 -33 
40 -7 -9 -20 -25 -19 -31 -27 -31 -26 -25 -34 
44 -3 -4 -17 -18 -11 -18 -17 -22 -15 -18 -28 
Protein content 
4 -9 -17 -15 -15 -2 -20 -13 -4 -7 -14 8 
8 -11 -22 -21 -15 -3 -23 -16 0 -7 -12 7 
12 -14 -26 -26 -25 -15 -28 -22 -17 -16 -20 -6 
16 -12 -24 -27 -23 -10 -29 -18 -11 -16 -22 -6 
Milk 20 -10 -27 -25 -24 -11 -34 -25 -12 -16 -21 -5 
yield 24 -8 -24 -24 -27 -11 -30 -22 -18 -21 -22 -6 
28 -9 -21 -24 -27 -15 -28 -22 -20 -21 -23 -12 
32 -9 -26 -25 -29 -16 -32 -25 -20 -28 -25 -13 
36 -9 -23 -25 -28 -15 -29 -21 -20 -23 -25 -11 
40 -10 -23 -21 -25 -10 -24 -21 -19 -27 -26 -16 
44 -3 -12 -13 -10 -4 -14 -9 -10 -22 -14 -10 
Week 4 8 12 16 20 24 28 32 36 40 44 
Lactose content 
4 26 22 17 30 20 29 23 34 35 22 32 
8 21 21 15 27 17 25 20 28 26 18 35 
12 19 20 19 25 20 25 23 30 29 25 37 
16 14 20 18 29 22 28 25 31 33 26 36 
Milk 20 22 25 20 31 25 30 27 36 38 29 40 
yield 24 21 19 16 31 18 31 30 36 39 28 37 
28 21 20 14 31 22 29 27 35 35 31 34 
32 25 24 21 29 27 31 34 38 41 38 38 
36 18 19 18 29 22 32 29 34 40 38 41 
40 17 19 15 29 18 28 31 37 40 42 38 
44 22 25 22 29 26 28 27 36 39 39 44 
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Figure 6.2: The average correlation between milk yield and composition traits by 
lactation stage (left) and interval between records (right) 
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0.43 to 0.19 with an average of -0.21, and were negative for most pairs of weeks. The 
estimates were generally low to medium indicating little or no relationship between 
individual daily milk yield and fat content. The correlation between milk yield and 
protein content at different stages of lactation ranged from -0.36 to 0.18 with a mean 
of -0.17. The correlation of milk yield with the other composition traits decreased 
as the interval between the samples increased. This trend was similar to the general 
trend observed in the serial correlation of each trait. The rate of decline varied 
between traits as shown in Figure 6.2. Generally, the correlations between samples 
in the same week (interval=0) were highest for each pair of traits. The interval 
between tests had very little effect on the correlation between milk yield and lactose 
content. Conversely, the correlation between milk yield and fat or protein content 
depended on the interval between the tests, and decreased as the interval between 
sample weeks increased. 
6.4.3 Correlation between daily and 305-day yields 
The correlation of daily milk, fat, protein and lactose yields and the corresponding 
305 day yields are summarised in Table 6.8. Individual correlations in selected 
lactation stages were presented earlier in Tables 6.1 and 6.2 for yield and content 
traits respectively. Table 6.8 shows the averages of the correlation coefficients of 
groups of 4 weeks representing each month of lactation. Generally, the estimates 
were moderate in the first 4 months of lactation, high in the next 5 months and 
moderate in the last month. The overall mean (±SD) correlation between daily milk 
yield at any stage of lactation and 305 day milk yield was 0.66±0.12. Corresponding 
estimates for fat, protein and lactose yields were 0.59±0.12, 0.65±0.15 and 0.64±0.13 
respectively. Figure 6.3 shows a plot of the individual estimates of the relationship 
between daily and 305-day yields. Figure 6.3 also indicates that daily protein and 
lactose yields were more highly correlated with their respective 305-day yields than 
fat yield. 
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Table 6.8: Mean (±SD) correlation between 305-day and daily milk, fat, protein 
and lactose yields at different stages of lactation 
Month Weeks Milk Fat Protein Lactose 
1 2-4 38±4 38±4 35±7 34±10 
2 5-8 45±3 37±2 40±4 45±3 
3 9-12 56±6 44±7 49±10 52±8 
4 13-16 67±2 60±4 67±4 68±2 
5 17-20 68±7 62±4 70±2 71±2 
6 21-24 75±2 63±7 73±4 72±5 
7 25-28 74±1 65±1 75±2 72±1 
8 29-32 73±3 68±2 76±3 72±3 
9 33-36 75±2 71±2 76±2 72±1 
10 37-40 76±1 68±3 74±3 72±2 
11 41-44 67±6 66±3 70±3 69±3 
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6.5 Discussion 
A two step approach which involved pre-correction of records and estimation of cor -
relation coefficients was adopted to study the relationship between milk production 
traits in this analysis. This allowed the estimation of the serial correlation of milk 
yield and its component traits in every week of lactation as well as the relationship 
between milk yield and each of the component traits in every week of lactation. Pre-
vious estimates of the correlation between daily yield (Pander et at., 1993b) have 
been confined to blocks of days because of the limitations of the models used. More 
information on the relationship between yields at different stages of lactation is avail-
able from genetic studies based on test day yields (Danell, 1982; Meyer, et al., 1989; 
Pander,et at., 1992; Pander,et at., 1993a; Rekaya et al.,1995; Swalve, 1995a). In this 
study, daily records were corrected for the effect of pregnancy and other factors (See 
Chapters 3 and 4), unlike in previous studies which accounted only for more general 
environmental effects. These differences in model as well as the differences in data 
may account for the differences in the phenotypic correlations estimated in this and 
previous studies. 
Pander et at. (1993b) reported an overall weighted average correlation between daily 
milk yield in adjacent days of 0.89 in their larger data set. This ranged from 0.81 
for adjacent yields between days 29-48 corresponding to lactation weeks 4 to 7, to 
0.96 for adjacent yields between days 181-200 corresponding to lactation weeks 26 
to 29. In this study, the correlation between daily milk yields in adjacent weeks of 
lactation averaged 0.92 between weeks 4 and 7 while that between adjacent yields 
between weeks 26 and 29 averaged 0.94. The milk yield record in each lactation 
week in this study was a mean of between 4 to 7 daily yields unlike the actual daily 
yields used by Pander et at. (1993b). The difference in these estimates may thus 
be attributed to reduction in residual variance of daily yields due to the averaging 
of records as well as accounting for variation between month of test which further 
reduced variance between weekly yields. Swalve (1995a) has shown that average 
yields in standardised monthly intervals has a lower residual variance than monthly 
test day yields. 
Most studies in the literature reported correlation estimates for monthly test day 
yields. Comparable estimates in this study are between yields 4 weeks apart. As-
suming the first test was taken in lactation week 4, and the others sampled every 4 
weeks afterwards, then the phenotypic correlations estimated in this study are gen-
erally higher than those reported in literature for monthly test day yields (Auran, 
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1976; Danell, 1982; Meyer et at., 1989; Panderet al.,1992; Rekaya et al.,1995). The 
correlation between milk yield in week 4 and week 44 in this study was 0.66 which 
is higher than 0.15 ( Danell, 1982), 0.18 (Auran, 1976), 0.20 (Meyer et at.,), 0.30 
(Pander et al., 1992), and 0.58 (Rekayaet al.,1995) previously reported for milk yield 
in test days 1 and 10. Estimates for other pairs of test days were accordingly higher 
than estimates in these studies. The correlations between weekly fat and protein 
percentage or yield in this study were also higher than estimates obtained by Pander 
et at. (1993a). 
The correlations between individual and 305-day milk yield in this study were mostly 
lower than the correlations between monthly test day and 305-day yields from pre-
vious studies. For example milk yield in lactation week 8 had a correlation of 0.46 
with 305-day milk yield in this study while the highest correlation of 0.78 was be-
tween milk yield in week 36 and 305-day yield. Pander et at. (1992) obtained a 
range of 0.66 (TD1) to 0.84 for TD 7. Auran (1976) reported the highest estimates 
with a correlation of 0.89 between yield in TD 6 and 305-day milk yield. The esti-
mates reported by Dane!! (1982b) and Rekaya et at. (1995) were closer to the ones 
obtained in this study. Apart from the differences in actual estimates, the general 
trend of the relationship between daily and 305-day yield in this study is similar 
to the established trend which indicates test day yields in mid lactation were more 
highly correlated with 305-day yields than test day yields in early lactation. The 
similarity in these estimates implies that the two step procedure used in this study 
was not highly biased. The records used in this analysis were obtained from one herd 
with a relatively high level of accuracy in recording daily yields than the average 
herds. Also, the animals were housed indoors and fed the same ration through out 
lactation which means that variance of daily yields at different stages of lactation 
(Erb et at., 1952) may be lower in this herd than in other herds resulting in higher 
phenotypic correlations. 
The observed effect of lactation stage on the correlation between individual and 305-
day yields for all traits suggests that total lactation yield could be more accurately 
predicted from mid lactation yields than yields in earlier stages of lactation. A 
similar conclusion has been reached by others (Auran, 1976; Danell, 1982b; Meyer 
et at., 1989; Dane!!, 1990; Panderet al.,1992; Rekaya et al.,1995), yet it is desirable to 
evaluate animals as early as possible in their heifer lactation. Accurate estimation 
of the correlation between early lactation yields and other weekly yields or total 
lactation yield will be useful in developing appropriate adjustment or weighting 
factors for predicting total lactation yield from incomplete lactations. 
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The effect of the interval between records seen in this study agrees with all previous 
studies which conclude that the correlation between records declines as the interval 
between them increases. This study has also shown that the correlation between 
daily milk yield and the content or yield of fat, protein and lactose also decreased 
as the interval between the samples increased. The observed trend could be due 
to significant effect of lactation stage on the variance of daily milk yield (Erb et 
al., 1952b) as well as the local effect of non genetic factors such as the interval 
between milking, effciency of milking and how well the gland cistern is emptied 
during milking and the cisternal storage capacity (Hillerton et al., 1990; Knight and 
Dewhurst, 1994; Palmer et al., 1994), which may increase the covariance of yields in 
adjacent or neighbouring weeks of lactation but whose effect wears off as lactation 
progresses. 
Pander et al. (1992) showed that the correlation between milk yield and fat or 
protein yield decreased initially between test days 1 and 5 as the interval between 
tests increased and then increased between test day 5 and 10 as the interval increased. 
A simi-lar trend was observed in this study for fat and protein content. Results of 
this study have shown that within a 4 week period, the correlation amongst test day 
milk yields ranged from 0.76 between weeks 2 and 6, to 0.95 between weeks 25 and 
29. This implies that missing records could be predicted with reasonable accuracy 
from other records which may be as distant as 2 weeks before or after the missing 
record. 
6.6 Conclusion 
This study has shown that milk yields at different stages of lactation were more 
highly correlated than fat, protein and lactose yields respectively. This means fat, 
protein and lactose yields were more variable within lactation than milk yields. This 
may be due to the fact that the milk yield records were means of the daily yields in 
each week while the component yield traits were yields on a given test day in each 
week of lactation. Also fat, protein and lactose yields were derived from milk yield 
and their respective content traits which may be an additional source of variation 
(see Chapter 3). 
Yields in the first 10 weeks of lactation were poorly correlated with 305-day yields 
while yields in mid lactation were more strongly correlated with total lactation yield. 
The correlation amongst individual daily yields for all traits varied significantly with 
135 
the interval between yields as well as the stage of lactation. The results suggest that 
missing daily yields can be more accurately predicted from neighbouring records 
within a 4 week range of the missing record by simple regression. 
The results also indicate that milk yield in early lactation was more strongly cor -
related with other yield and component traits in later lactation, implying that fat, 
protein and lactose content in later stages of lactation can be predicted from milk 
yield in early lactation but milk yield in late lactation cannot be as well predicted 
from the composition in early lactation. However, the yield of each trait in late 
lactation can be more accurately predicted from the records of the same trait in 
early lactation than records of any other trait. A small but positive relationship was 
observed between milk yield in early lactation and the milk content traits in later 
stages of lactation. 
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Chapter 7 
GENETIC ANALYSIS OF DAILY MILK RECORDS 
7.1 Introduction 
Estimation of variance components in the genetic analysis of large scale data by 
animal breeders is implemented mostly by restricted maximum likelihood (REML) 
(Patterson and Thompson, 1971) while breeding values are predicted by best lin-
ear unbiased prediction (BLUP) (Henderson, 1949; 1984). These two statistical 
procedures have become the method of choice in the estimation of variance compo-
nents and breeding value prediction because of their desirable statistical properties 
(Kennedy et al., 1988). For example, potential biases due to drift, genetic trend 
and non-assortative matings are accounted for if all the data on which selection is 
based are used. Management and recording techniques which allow environmental 
variance to be reduced will increase heritability estimates and hence response to 
selection (Falconer and Mackay, 1996). Further gains in accuracy and response may 
therefore be expected with improvement in recording if it results in more accurate 
measures of the phenotypic value of individuals. The availability of such records 
sometimes necessitates modification of existing models of analysis or the develop-
ment of new computing methods for use in the efficient analysis of available data. 
Genetic evaluation of dairy cattle in most countries and the ranking of animals for 
selection in the global dairy industry are based almost entirely on BLUP values of 
genetic merit (INTERBULL, 1992). For production traits, these are predicted from 
305-day or equivalent cumulative milk, fat and protein yields which are themselves 
predicted from few sample day (test day) yields. In the UK, 305-day yield is usu-
ally predicted by linear interpolation (BSI, 1972), from 8 to 10 test day records per 
cow per lactation obtained at monthly intervals. In some countries, such as New 
Zealand, fewer records taken at longer intervals are used to predict the cumulative 
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yield (D. Garrick, personal communication). Several studies have shown however 
that predicted 305-day yield differs from the actual yield by about 3% on average 
and that this bias may be as high as 15% of the actual yield for some individuals 
(McDaniel, 1969; Anderson et al., 1989). Thus breeding values predicted from such 
biased estimates are associated with a double prediction error. The accuracy of 
predicted breeding values may further decrease when records in progress or from 
incomplete lactations are used in predicting 305-day yields which often necessitate 
the use of projection factors. This is because most of the projection factors com-
monly employed (Wiggans and Van Vieck, 1979; Pander and Hill, 1993), assume a 
constant shape of the lactation curve for all cows, which is not the case. 
Genetic evaluation based directly on test day yields, generally referred to as test day 
models (Swalve, 1995b), has been proposed as one way by which we can overcome 
the double error associated with the present method of predicting breeding values 
from predicted 305-day yield and hence increase the accuracy of genetic evaluation 
(Pander and Hill, 1993; Ptak and Schaeffer, 1993). Test day models allow environ-
mental variation specific to individual test days to be accounted for. An example 
is the effect of pregnancy on milk production which has been shown to depend on 
the gestation stage of the individual on the day of test (see Chapter 4). With eval-
uations based on test day yields, there is no need to project incomplete lactations 
and hence no need for projection factors. Also, with widespread installation and 
use of automated milking facilities, farmers may welcome a more flexible recording 
scheme which allows less frequent visits and perhaps the inclusion of owner sampled 
records in genetic evaluation. It is therefore important to explore the potential of 
any new statistical or computing techniques which may be applicable in the efficient 
utilisation of all available records to increase the accuracy of genetic evaluation and 
response to selection. 
7.1.1 Analysis of repeated records 
The daily production of milk, fat and protein by dairy cattle are examples of traits 
measured repeatedly over time, often referred to as longitudinal data. The anal-
ysis of such data involves a wide range of assumptions about the structure of the 
covariance amongst records. In one extreme, the repeated records of an individual 
are considered strictly as repeated measures of the same trait, hence variance is 
assumed to be constant for records measured at different times along the trajectory. 
The records are analysed with a repeatability test day model (Ptak and Schaeffer, 
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1993) which further assumes that the same genes control the traits and attributes 
any variation between records of the same individual strictly to the effect of environ-
mental factors including the time factor. Several studies have, however, shown that 
test day yields of milk, fat or protein cannot strictly be considered to be the same 
trait under the control of the same genes because the genetic correlation between 
pairs of test day yields declines as the interval between tests increase (Danell, 1982; 
Meyer et al., 1989; Pander et al., 1992; Swalve, 1995a), implying existence of some 
structure to the (co)variances. 
The other extreme assumption often invoked in the analysis of test day records is 
the fully parameterised multivariate model with unstructured covariances (Meyer 
et al., 1989; Pander and Hill, 1993), which assumes that each test day record is a 
different trait under the control of different genes. It allows for a genetic correlation 
of less than unity between the repeated traits and assumes that (co)variances are not 
constant, but makes no assumption about the structure of the covariances. Genetic 
analysis with this model requires a lot of computing time and memory because 
it involves the estimation of p parameters equivalent to t(t±1)  x n, where t is the 
number of traits or repeated measures per individual and ii is the number of variance 
components to be estimated per trait. The likelihood search in such a multivariate 
analysis will be in p dimensions (Thompson and Hill, 1990) hence the analysis will 
only be feasible and the estimates accurate if t is small and the number of measured 
individuals is large. However, with the present monthly recording system, t can 
be as large as 30 if test day records of milk, fat and protein are considered to be 
different traits and are analysed jointly or 10 where each trait is analysed separately. 
A multivariate analysis of ten traits to estimate two variance components will thus 
involve a likelihood search in 110 dimensions, or 930 dimensions if t=30, and will 
often fail to converge unless some of the methods (Thompson and Hill, 1990; Wade 
et al., 1990; Wiggans and Goddard, 1996) which have been suggested are employed 
to reduce the number of parameters to be estimated. These methods have presently 
not been universally adopted for dairy cattle evaluation thus limiting their use. 
The foregoing suggests that both the constant variance repeatability model and 
the fully parameterised multivariate model leave room for improvement in mod-
elling and analysis of test day records. A practical intermediate parameterisation 
approach which assumes a structure for the covariance of repeated records will be 
of interest. Recently random regression models have been described which anal-
yse test day records by assuming a certain covariance structure determined by the 
covariance among the random regression coefficients (Schaeffer and Dekkers, 1994; 
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Jamrozik and Schaeffer, 1997; Jamrozik et al., 1997a). The covariance structure can 
be characterised by a covariance function which can be estimated by fitting a set 
of orthogonal polynomials or other defined co-variables as fixed and random regres-
sions on time in the analysis of repeated records (Kirkpatrick et al., 1994; Meyer 
and Hill, 1997; Kettunen et al.,1997a; Van der Werf et al., 1997). In fitting fixed 
and random regressions to test day yield data, we account for both the variation 
between contemporary groups (fixed regressions) and individual variation within 
groups (random regressions) in a single step analysis. 
Generally, covariance functions allow us to utilise TD records on a continuous time 
scale. This enables us to estimate (co)variances for all points along the covariance 
surface even between pairs of ages that were not originally sampled. It thus allows 
a more efficient utilisation of test day records and the potential for a more accurate 
prediction of response to selection using the information supplied by the eigenvalues 
and eigenfunction of the covariance function (Kirkpatrick and Heckman, 1989, Kirk-
patrick et al., 1994; van der Werf et al., 1997). By fitting a reduced rank covariance 
function and using REML procedures to estimate coefficients of the CF for different 
components of variance directly from the data (Meyer and Hill, 1997; Meyer, 1997a), 
it has been shown that the random regression animal model is a viable alternative 
method by which daily yield from automated milking systems can be utilised in the 
genetic evaluation of dairy cattle. 
7.1.2 Estimation of covariance functions 
A covariance function (CF) is an infinite dimensional equivalence of the covariance 
matrix in a finite dimension multivariate analysis (Kirkpatrick et al., 1994). It 
gives the covariance between any two records measured at different time points as 
a function of time. In other words, it is a mathematical function that enables us 
to predict the covariance between yields at different time points such as milk yield 
at different stages of lactation. The term, random regression, has been used to 
describe linear models, which include covariates to model the effect of time (such 
as lactation stage) on repeated records as fixed and random terms (Schaeffer and 
Dekkers, 1994). For the analysis of dairy cattle test day records, covariates normally 
used in fixed regressions to model the lactation curve (Ali and Schaeffer, 1987) have 
been used as random regressions in the linear model (Jamrozik and Schaeffer, 1997; 
Kettunen et at., 1997). The fitting of random regression models assume that the 
covariance amongst repeated yields is structured and not constant and that the 
140 
covariance structure can be characterised by a covariance function (Kirkpatrick et 
al., 1994; Meyer and Hill, 1997; Van der Werf et al., 1997). So while random 
regressions generally refer to the fitting of some function of time as random terms 
in a linear model for genetic analysis, the concept of covariance functions generally 
refers to the modelling of the structure of covariance among repeated records in a 
genetic analysis with a few parameters using either a known biological curve model 
or any other function of time such as orthogonal polynomials which make no prior 
assumption about the shape of the underlying curve. A separate covariance function 
can be derived for the different variance components and these are additive like the 
corresponding matrices of the different (co)variance components (Meyer and Hill, 
1997). 
If we consider for example, the milk yield of an individual measured at time points 
t1 and tm  during lactation, the covariance between the yields is: 
k-i k-i 
	
cov(t i , tm ) = f(x 1 , Xm) = 	çbj (x i ) q j (xm )Kjj 	 (7.1) 
i=O j=O 
where 
j is the th  polynomial (i=O,. ..,k-1) and k is the order of fit (e.g 3=quadratic, 
4=cubic etc) 
t is the unit of time while x is the unit of time standardised to an appropriate 
range. 
Kij are the coefficients of the covariance function (elements of the coefficient 
matrix K). 
In matrix notation, the observed covariance matrix (), can be written as 
= 	 (7.2) 
Here is a t by k matrix with orthogonal polynomials. In a full fit, k = t, is a 
square matrix and so K can be estimated as 
K = -' 	('')' 
	
(7.3) 
However in a reduced fit model (Kirkpatrick et al., 1990), the order of fit (k) is 
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less than the number of traits (t) so the number of parameters that need to be 
estimated is reduced to k(k + 1)/2. Also, '1 becomes a rectangular matrix and has 
no inverse, so K can also be estimated by least square methods (Kirkpatrick et al., 
1990; Kirkpatrick et al., 1994) if there is prior knowledge of the covariance matrix 
E. 
7.1.3 REML estimation 
The covariance function described by Kirkpatrick et al. (1994) was derived from 
a pre-estimated covariance matrix by least square methods. Recently, Meyer and 
Hill (1997) described a restricted maximum likelihood (REML) procedure which 
allows one to derive the covariance functions directly from the data. It involved a 
re-parameterisation of the log likelihood evaluated in existing multivariate REML 
algorithms (Meyer, 1991). In a multiple trait scenario, the linear model used to 





y is a vector of observations with variance var(y) = var(Za + e) = ZGZ'. 
b is a vector of fixed effects, a is a vector of random additive animal effects 
and e is a vector of random residual effect. 
X and Z are design matrices relating to the fixed and random effects respec-
tively (Incidence matrices). 
The variance of a is G with G = A ® G0 . A is the numerator relationship matrix 
and G0 is the matrix of the genetic (co)variance between the t traits and ® is the 
Kronecker product. If the incidence matrices are equal for all traits, var(e) = Ro = 
the residual (co)variance for the t traits. The restricted (REML) log likelihood that 
needs to be maximised can be written as: 
ln £ = - [const+N In I Ro I +Na in I Go I +t In I A I + ln I C I +YPY'] (7.5) 
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where Na is the total number of animals in the analysis, C is the coefficient matrix 
for the mixed model equations and yPy' are the residual sums of squares. The 
re-parameterisation involved re-writing equation 7.5 as a function of the matrices 
of the (co)variance between coefficients of the covariance function KA and KE for 
the additive genetic and residual error covariance functions respectively (Meyer and 
Hill, 1997) rather than G 0 and Ft0 . 
lnL =_[const+N In I KE I +NA1n I K +(N + NA)ln I 	I 
+tln IA I +ln I CI +YPY'] (7.6) 
The traditional constant variance repeatability model assumes that measurement 
errors are constant for a trait measured repeatedly over time. In the analysis of 
dairy cattle lactation data, it is reasonable to consider measurement errors as a ran-
dom process with a corresponding structure. In the simple case, Var(e) = R= OIN. 
With an assumption of heterogeneous variance, R is block diagonal. If we represent 
the vector of temporary environmental effects relating to y as f and the vector of 
permanent environmental effects as r, then e in the linear model (equation 7.4) is 
equal to r + €. A covariance function can then be fitted to also model permanent 
environmental component of variance estimated as 1KR1' in which case the likeli-
hood to be evaluated is modified to replace KE with KR + Diag(o) (Meyer and 
Hill, 1997); where o are elements of the diagonal residual covariance matrix with i 
equal to the maximum number of records per individual where residual variance is 
assumed to be different for each record, or the number of separate measurement er-
ror groups if residual variance is assumed constant for some records. In the modified 
REML procedure (Meyer, 1997a) the log likelihood can be defined as follows: 
ln=_[NA 1nIKAI+kAlnIAI+NDlnlKRl+lnICI+lnlRI+YPY'1 
(7•J7) 
With this function, the maximum of the likelihood is found with less computing 
effort compared to a multivariate analysis because the number of parameters to be 
estimated is reduced from t(t + 1)/2 to k(k + 1)/2 for each variance component, and 
the time for each iteration is reduced because the size of the mixed model equations 
depends on the order of fit and not the number of traits (Meyer, 1997a). Estimating 
the covariance function by maximum likelihood ensures that the estimated coefficient 
matrix K is positive definite. The likelihood ratio test enables us to compare the 
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goodness of fit of different models without relying on the estimated matrices (Meyer 
and Hill, 1997). 
The eigenvalue decomposition of the covariance function gives us eigenvalues and 
eigenfunctions which are equivalent to the eigenvectors of a covariance matrix (Kirk-
patrick, 1994). The sign and magnitude of the eigenfunction, obtained from a de-
composition of the additive genetic covariance function, at different points in the 
trajectory gives us an insight into potential response to selection at that point just 
as the eigenvector of the genetic covariance matrix tells us which traits have a high 
genetic variance and hence potential for improvement of the complete trait. In both 
cases, the associated eigenvalue tells us how much genetic variation is represented 
by the trait (in multivariate analysis) or point along the trajectory in the case of 
CF. Details of the REML procedure and preliminary results from its application 
have been described (Meyer and Hill, 1997; Meyer, 1997a) while computer software 
(DXMRR) using these principles to estimate covariance functions is part of the 
planned new release of DFREML (K. Meyer, personal communication). 
7.2 Objective 
The main objective of this study was to carry out a genetic analysis of weekly milk, 
fat, and protein yield records of dairy cattle using the random regression (covariance 
function) model. The aim was to understand the features of this procedure and 
determine its usefulness as an alternative approach for the genetic evaluation of 
dairy cattle. The specific objectives are: 
To estimate variance components for weekly milk, fat and protein yield using 
random regression and and multivariate test day models. 
To determine the effect of using different order of polynomial regressions as the 
covariance function on estimates and the implication for genetic evaluation. 
To compare estimates of genetic parameters from the random regression model 
with traditional multivariate analysis. 
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7.3 Materials and Method 
Weekly records of milk, fat and protein yield from 488 cows, daughters of 49 sires, 
were used in the genetic analysis. The full pedigree consisted of 776 animals. All 
the animals with records were from the same herd but calved between 1990 and 
1994. For all analyses, calving age, and year/month of calving or year/month of 
production, and gestation stage were the main fixed effects. Definition of the age 
and season classes has been presented in chapter 2. Records of milk, fat and protein 
yield between lactation week 2 and 44 were used in separate analysis. 
7.3.1 Multivariate Model 
A series of multivariate analyses were carried out for the weekly records of milk, 
fat and protein yields to obtain estimates of variance components for each week 
of lactation from week 2 to 44. This was implemented by restricted maximum 
likelihood (REML) in the PEST/VCE package (Groeneveld, 1990) fitting an animal 
model. Data in blocks of 5 weeks or less were analysed at a time because of the 
random nature of missing values in the data. Increasing the number of traits would 
result in too many different patterns of missing records which would require the 
setting up and storing of too many different residual covariance matrices (Henderson, 
1984; Ducrocq and Besbes, 1993). Because of the high correlation between yields in 
adjacent weeks (r =0.93 on average, see previous chapter), and also to save time, it 
was decided to sample records in every other week for analysis rather than analyse 
all 43 weekly records for each trait. The linear mixed model for multivariate data 
with missing values was used for the analysis. This was of the form: 
yi = X 1 b 1 + Z1a1 + e1 	 (7.8) 
where 
yi is the vector of records on j traits for the i 1h animal with records. In this 
analysis, j=1... ii where n is the number of traits analysed together (maximum 
of 5 per analysis, e.g. milk yield in weeks 2, 4, 6, 8, 10). 
b1, a1 and e1 are the vectors of fixed, random additive and random residual 
effects respectively. 
145 
X1 is the incidence matrix relating records of the j1h  trait of the i' animal to 
the fixed effects of age at calving, year/month of calving and the number of 
months each cow was pregnant during lactation. X jj is set to zero when record 
j of animal i is missing. 
Z 1 is the incidence matrix for the random animal effect. 
It was assumed that 
a1j G0 a12 G0 ... a15 G0 
a21 G0 a22 G0 ... a25 G0 
var(a) = 	1 1 	(7.9) 
a51 G0 a52 G0 ... a55 G0 
G0 is the variance covariance matrix of additive effects and a 23 are elements of A 
the relationship matrix. 
For animals with complete records, 
R1 	0 	... 	0 
o R2 ... 	0 
var(e)=R= 	 (7.10) 
0 	0 	... R5 
R is the variance covariance matrix of residual effects. For animals with missing 
data, the rows and columns of R1 corresponding to the missing data are set to zero 
and a zeroed type of R (Henderson, 1984), Rj, is used in the usual mixed model 
equations for multivariate analysis (Henderson, 1984; Mrode, 1996). 
7.3.2 Repeatability model 
A repeatability animal model used to analyse milk, fat and protein yields, is repre-
sented by the equation below: 
y=Xb+Za+Wc+e 	 (7.11) 
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where 
y = vector of observations 
b = vector of fixed effects of calving age, production season, gestation stage 
and lactation stage. 
a = vector of random animal effects 
c = vector of random permanent environmental effects 
e = vector of random residual effects. 
X, Z and W are incidence matrices relating records to fixed, animal and 
permanent environmental effects respectively. 
It was assumed that permanent environmental and residual effects were indepen-
dently distributed with means of zero and variances a 2  and o respectively. Hence, 
, var(e)=Io=R, var(a) = Acr and var(y)=ZAZ'o + WW'o + R. var(c)=Io  
The mixed model equations were set up and solved using the PEST/VCE package 
of Groeneveld (1990). These were of the form; 
X'X 	X'Z 	X'W b X'y 
Z'X 	Z'Z + A 1 a 1 	Z'W a = Z'y (7.12) 
W'X W'Z 	W'W + Ia2 c W'y 
where a 1 = 0e2/a2 and a2 = 
This model gives us a single breeding value based on the average daily milk yield of 
each individual. Milk, fat and protein yields were initially analysed separately and 
subsequently jointly to estimate the covariance between them. 
7.3.3 Random regression model 
Covariance functions for the random additive and permanent environmental compo-
nents of variance were estimated by restricted maximum likelihood (Meyer, 1997a, 
1997b) for milk, fat and protein yields in separate univariate analyses. Weekly 
records from week 4 to 40 of lactation (37 ages in CF terminology) were used in the 
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analysis. The records in the extreme ends of the age trajectory (week 2-3 and 41-44) 
were excluded from the analysis because many individuals did not have records at 
those stages. The model of analysis was as follows; 
kA-1 	 kR-i 
Yij = F + E aim  cbm (tzj ) + 	)tiin çbm (tzj ) + € 	 (7.13) 
where 
Yij is the 
jth  record of the jth  animal 
F represent fixed effects of calving age, gestation stage, calving season and the 
fixed regressions on lactation week (ages) 
aim and Ai m represent the mth  additive genetic and permanent environmental 
random regression coefficients for the ith animal. 
kA and kR are the polynomial order of fit for the genetic and permanent envi-
ronment random regressions, respectively. 
is the jth  standardised age (lactation week) of the i1h  animal. In this study, 
the ages were standardised to a range of -1 to 1. 
ç m (tj) is the ml  polynomial evaluated for t7 
This model for all animals can be written in matrix notation as follows: 




y is the vector of N observations per individual, measured on ND individuals. In 
this analysis N=37 and ND =488. 
b is the vector of fixed effects including the fixed regression coefficients. The 
same order of polynomial was used for the fixed and random regressions in 
this study. 
a is the vector of kA x NA additive genetic random regression coefficients, where 
NA is the total number of animals in the analysis which includes parents with-
out records. The number was 776 in this analysis. 
UM 
A is the vector of kR x ND permanent environmental random regression coeffi-
cients 
€ is the vector of m measurement errors where m < N depending on whether 
residual variance is assumed constant for some ages (lactation weeks) or not. 
X , Z and ZD are the incidence matrices relating records to the fixed, additive 
genetic and permanent environmental random effects respectively. 
ZD is the non-zero part of Z corresponding to animals with records in the data. It 
was assumed that both a and A are normally distributed with means zero and 
variances KA 0 A and KR 0 'ND, respectively, and that they are uncorrelated. 
KA and KR are the coefficient matrices for the additive genetic and permanent 
environmental covariance functions respectively. 
The mixed model matrix (M), can be set up as follows: 
	
X'R'X 	X'R 1 Z 
M- 
 Z'R'X Z'R'Z + K' 0 A- ' 




ZR'ZD + K' 0 'ND ZR'y 
Y'R'ZD 	y'R'y 
The matrix M has NF + kANA + kRND + 1 rows and columns (Meyer, 1997b) with 
NF equal to the total number of fixed effects fitted. Estimates of the elements of 
KA and KR and the parameters determining the measurement errors were obtained 
using the DXMRR program (Meyer, 1997b) applying the average information (Al) 
algorithm (Johnson and Thompson, 1995). 
In the analysis of milk yield, the order of polynomial fit was varied from quadratic 
kA =kR = 3 to quartic kA = kR = 5. The same order of polynomial was used 
for the fixed regressions in all cases. The number of different measurement errors 
specified for estimation was either 1, 4, 10 or 37 depending on assumptions about 
error variance of yields. For ME=1, it was assumed that residual variance was 
constant for milk yield at all stages of lactation (i.e. weeks 4-40) while for ME=37 
it was assumed that residual variance was different for each test day yield. The 
alternative assumption was that residual variance was constant for certain groups 
of weeks. Initially 4 measurement error groups (ME=4) were defined such that 
yields in lactation weeks 4-5, 6-14, 15-33 and 34-40 were assumed to have the same 
measurement errors respectively. In another run some of the above classes were 
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sub-divided to allow individual measurement errors for yields in lactation weeks 4, 
5, 6, 7, 8 and 9 while yields weeks 10-14, 15-25, 26-33 and 34-40 were assumed to 
have the same errors respectively. 
Difference in fit of the models was based on a chi-squared test of the difference in 
their maximum likelihoods with the difference in the number of parameters as the 
degrees of freedom. The first three eigenfunctions of the covariance functions were 
plotted while each eigenvalue was expressed as a percentage of the sum of all to 
determine their importance. Breeding values for milk yield in each of the 37 weeks 
of lactation were estimated for the different orders of orthogonal fit for comparison. 
704 Results 
7.4.1 Multivariate analysis 
Table 7.1 shows the number of animals with records and the milk, fat and protein 
yield in selected weeks of lactation. The coefficient of variation (CV) for each trait 
was lower between lactation week 10 and 30 than in earlier and later weeks. This 
indicates higher variation of yield at the beginning and end than in mid lactation. 
For most of the selected ages, the CV for fat and protein yield was higher than the 
CV for milk yield. The difference between the residual standard deviation (RSD) 
and the standard deviation was small, implying that the fixed effects included in 
the model explained only a small proportion of the observed variation especially 
for milk yield. RSDs for all traits were lower in mid lactation, suggesting that the 
higher variation of yield in early and late stages of lactation was not solely due to 
the environmental factors included as fixed effects in the model. 
Genetic and residual variances of milk yield in selected weeks of lactation estimated 
by multivariate analysis are presented in Table 7.2. Genetic variance of milk yield 
averaged 7kg 2 in the first 10 weeks of lactation and increased to 8.1 and 11.7kg 2 in 
weeks 20-28 and 36-44 respectively. The residual variance was relatively constant 
at all stages ranging from 13.1 (week 4) to 17.6kg 2 (week 44). Phenotypic variance 
ranged from 20.1 (week 4) to 28.9kg 2 (week 44). These estimates compared well 
with our expectations based on the residual standard deviations in Table 7.1. For 
example, the expected phenotypic variance of milk yield in lactation week 4 and 40, 
based on the RSD was approximately 20 and 26kg 2 respectively which agrees with 
the values (Table 7.2) estimated for those weeks. Heritability of milk yield increased 
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Table 7.1: Average daily milk yield (kg) in selected stages of lactation 
Trait Stage (weeks) Number Mean (kg) SD (kg) RSD CV (%) 
2 429 25.7 4.92 4.50 19.2 
MILK 4 446 31.8 4.50 4.45 14.2 
YIELD 10 454 33.1 4.49 4.13 13.5 
(kg) 20 447 30.2 4.77 4.66 15.8 
24 424 29.3 4.93 3.80 16.8 
30 417 28.0 5.02 4.87 17.9 
40 386 25.0 5.48 5.05 21.9 
44 380 23.1 5.86 4.87 25.4 
2 399 1.08 0.32 0.26 29.6 
FAT 4 462 1.22 0.24 0.20 19.7 
YIELD 10 426 1.20 0.21 0.18 17.5 
(kg) 20 430 1.13 0.19 0.17 16.8 
24 380 1.12 0.18 0.16 16.1 
30 414 1.09 0.19 0.17 17.4 
40 380 1.01 0.21 0.16 20.8 
44 327 0.98 0.21 0.18 21.4 
2 400 0.88 0.24 0.19 27.3 
PROTEIN 4 462 1.02 0.15 0.14 14.7 
YIELD 10 426 1.07 0.16 0.15 15.0 
(kg) 20 430 1.02 0.16 0.14 15.7 
24 380 1.01 0.16 0.14 15.8 
30 414 0.98 0.18 0.15 18.4 
40 380 0.90 0.19 0.16 21.1 
44 328 0.87 0.21 0.17 24.1 
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from the beginning to the end of lactation being lowest in week 2 (0.26) and highest 
in week 33 (0.48). However high h2 estimates were associated with higher standard 
errors. 
Table 7.2: Estimates of variance components and their ratios for milk yield in se-
lected weeks of lactation in a multivariate analysis 
Stage Week +SE U±SE cx h2 +SE 
2 5.85 ± 1.29 16.7 ± 1.32 22.6 0.26 ± 0.05 
4 6.99 ± 1.41 13.1 ± 1.16 20.1 0.35 + 0.06 
Early 6 8.90 ± 1.67 13.3 ± 1.22 22.2 0.40 + 0.06 
8 6.52 ± 1.34 13.5 ± 0.96 20.0 0.33 ± 0.06 
10 6.67 ± 1.35 12.5 ± 0.96 19.2 0.35 ± 0.06 
20 7.66 ± 1.64 14.8 ± 1.43 22.5 0.34 ± 0.04 
Mid 22 8.30 ± 1.93 13.8 ± 1.39 22.0 0.38 ± 0.04 
24 6.84 * 1.63 16.5 + 1.44 23.7 0.29 ± 0.04 
26 8.88 ± 1.99 15.7 ± 1.55 24.6 0.36 ± 0.04 
28 8.86 + 1.87 16.1 + 1.46 24.9 0.36 ± 0.04 
36 10.5 ± 2.50 14.0 ± 1.76 24.6 0.43 ± 0.09 
38 11.6 ± 2.76 14.8 ± 1.93 26.5 0.44 + 0.09 
Late 40 11.8 ± 2.74 13.9 ± 1.87 25.7 0.46 + 0.09 
42 11.3 ± 2.83 16.0 ± 2.00 27.3 0.41 ± 0.09 
44 11.3 ± 2.89 17.6 ± 2.11 28.9 0.39 ± 0.09 
Estimated variance components for milk, fat and protein yield at different stages 
of lactation are summarised in Table 7.3. For the same weeks of lactation, the 
heritabilities of fat and protein yields were lower than for milk yield showing that the 
residual variance of these traits as a proportion of the total variance was relativeFv 
higher than for milk yield. Previous results (Chapter 3) have shown that a high 
proportion of the variation in fat and protein yield was due to variation in milk 
yield. The residual variance would be much less if this variation was accounted 
for by including milk yield as a covariate in the model for the analysis of fat and 
protein yields. However, earlier studies (Chapter 3) have shown that both the CV 
(15%) and RSD (4.3kg) of fat content, which is not derived, were much higher 
than the corresponding values for protein content (8% and 1.8kg) which shows that 
fat production was either more variable or poorly recorded compared to protein 
production. The residual variance of fat yield was much higher in early lactation 
than in mid and late stages while residual variance of protein yield tended to be 
relatively constant across lactation. 
Table 7.4 shows the genetic and phenotypic correlations of milk yields between se- 
lected weeks at different stages of lactation. Corresponding values are presented in 
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Table 7.3: Mean (±SD of mean) heritability, additive genetic and residual variance 
components for different stages of lactation 
Stage (Weeks) cr o h2 
Milk yield (kg 2 ) 
2-10 7.0 ± 1.1 13.8 ± 1.7 20.8 + 1.5 0.34 ± 0.05 
11-19 8.3 ± 0.9 14.2 ± 0.9 22.9 ± 1.8 0.37 ± 0.02 
20-28 8.1 + 0.9 15.4 ± 1.1 23.5 ± 1.3 0.35 ± 0.03 
29-36 10.4 ± 0.9 13.7 ± 0.8 24.1 ± 1.0 0.43 ± 0.03 
37-44 11.7 ± 0.5 15.3 ± 1.5 25.5 ± 1.8 0.43 ± 0.03 
Fat yield (variances x 10 3 kg 2 ) 
2-10 9.7 ± 2.7 36.5 ± 14.6 46.2 + 15.1 0.22 ± 0.06 
11-19 11.4 ± 2.3 23.6 + 3.0 35.0 ± 3.8 0.33 + 0.06 
20-28 8.0 ± 1.9 23.7 ± 2.8 30.8 ± 0.9 0.23 ± 0.08 
29-36 10.0 ± 1.7 21.6 ± 0.8 31.6 ± 1.3 0.31 ± 0.04 
37-44 9.4 ± 2.4 27.1 ± 3.1 36.5 ± 3.8 0.26 ± 0.06 
Protein yield (variances x 10 3 kg 2 ) 
2-10 6.1 ± 1.0 18.1 + 6.8 24.2 + 7.5 0.26 ± 0.05 
11-19 5.1 + 1.7 17.9 ± 3.1 23.0 + 2.7 0.22 + 0.08 
20-28 5.4 ± 1.6 19.3 * 0.93 24.7 ± 1.9 0.22 ± 0.05 
29-36 7.5 + 0.78 20.4 ± 1.9 27.9 + 1.3 0.27 * 0.04 
37-44 8.8 ± 2.4 24.0 ± 2.6 32.8 ± 3.4 0.27 ± 0.06 
Tables 7.5 and 7.6 for fat and protein yield respectively. As expected, genetic corre-
lations were generally higher than phenotypic correlations. The genetic correlation 
of milk yield between lactation week 2 and 4 was 0.90 increasing to 0.96 for yields 
in weeks 6 and 8 and 1.00 for weeks 8 and 10. For the same interval, the correlation 
was higher for pairs of weeks in mid/late lactation stages than in early lactation. 
Genetic correlation of milk yield in weeks 4 and 40 was positive and high (0.74) 
implying that selection for increased yield in early lactation will have a positive ef-
fect on yield in later stages of lactation. Correlations among milk yields at different 
stages of lactation were generally higher than the correlations among fat or protein 
yields for the same pair of weeks. Thus milk yield can be more accurately predicted 
from the yield of the same trait in other stages of lactation than can fat and protein 
yields. 
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Table 7.4: Multivariate estimates of heritability (diagonal), genetic (below) and 
phenotypic (above) correlations (x 100) amongst milk yields at different stages of 
lactation 
Weeks 2 4 6 8 10 
Early 2 0.26 73 66 60 60 
lactation 4 90 0.35 86 78 77 
6 93 99 0.40 85 84 
8 84 94 96 0.33 91 
10 83 92 95 100 0.35 
Weeks 20 22 24 26 28 
Mid 20 0.34 88 84 83 81 
lactation 22 96 0.38 89 88 86 
24 97 98 0.29 90 87 
26 93 98 98 0.36 90 
28 93 98 98 100 0.36 
Weeks 86 38 40 42 44 
Late 36 0.43 94 90 87 80 
lactation 38 98 0.44 92 87 81 
40 97 98 0.46 93 85 
42 97 97 99 0.41 85 
44 97 99 100 99 0.39 
Weeks 4 10 20 30 40 
All 4 0.30 77 63 60 53 
lactation 10 93 0.34 81 75 68 
stages 20 82 97 0.36 83 76 
30 84 87 90 0.47 84 
40 74 85 93 98 0.39 
SE of heritability estimates ranged from 0.04 to 0.09, while SE of correlation 
coefficients ranged from 0.01 to 0.20 
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Table 7.5: Multivariate estimates of heritability (diagonal), genetic (below) and 
phenotypic (above) correlations (xlOO) amongst fat yields at different stages of 
lactation 
Weeks 2 4 6 8 10 
Early 2 0.14 50 47 31 40 
lactation 4 82 0.27 61 52 43 
6 76 98 0.29 57 52 
8 56 87 94 0.18 47 
10 53 86 93 99 0.22 
Weeks 20 22 24 26 28 
Mid 20 0.12 48 41 39 42 
lactation 22 92 0.31 60 54 64 
24 84 78 0.18 60 65 
26 91 99 84 0.25 63 
28 83 93 91 96 0.30 
Weeks 36 38 40 42 44 
Late 36 0.27 60 60 65 57 
lactation 38 77 0.31 56 56 51 
40 99 71 0.17 62 57 
42 99 83 98 0.24 57 
44 96 92 93 98 0.30 
Weeks 4 10 20 30 40 
All 4 0.31 43 27 38 34 
lactation 10 86 0.18 39 40 33 
stages 20 57 53 0.10 39 35 
30 80 70 85 0.24 51 
40 59 51 98 92 0.11 
SE of heritability estimates range from 0.03 to 0.07 while SE of correlations 
range from 0.01 to 0.2 
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Table 7.6: Multivariate estimates of heritability (diagonal), genetic (below) and 
phenotypic (above) correlations (x 100) amongst protein yields at different stages of 
lactation 
Weeks 2 4 6 8 10 
Early 2 0.20 46 45 37 41 
lactation 4 73 0.22 63 58 49 
6 54 82 0.32 72 64 
8 43 68 91 0.31 67 
10 49 67 92 98 0.26 
Weeks 20 22 24 26 28 
Mid 20 0.16 67 66 61 66 
lactation 22 93 0.18 69 63 68 
24 99 87 0.21 71 73 
26 95 92 95 0.27 70 
28 98 92 98 99 0.28 
Weeks 86 38 40 42 44 
Late 36 0.25 77 76 77 74 
lactation 88 89 0.35 73 72 66 
40 92 88 0.19 73 65 
42 99 93 95 0.25 78 
44 99 95 91 99 0.33 
Weeks 4 10 20 30 40 
All 4 0.20 50 46 40 33 
lactation 10 76 0.13 54 46 40 
stages 20 54 86 0.18 59 52 
30 48 74 96 0.19 62 
40 32 85 93 98 0.19 
SE of heritability estimates range from 0.03 to 0.08 while SE of correlations 
ranged from 0.02 to 0.2 
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7.4.2 Repeatability Model 
Table 7.7 shows the heritability (h2 ), additive genetic (o), permanent environmen-
tal (cr), and residual variance (a) components for milk, fat and protein yields 
estimated by univariate analysis with a repeatability model. A higher proportion 
of the total variance in milk yield was due to additive genetic variance. Perma-
nent environmental variance was however higher than residual variance. The small 
residual variance of milk yield suggests that a higher proportion of the variance was 
accounted for by the model fitted. The heritabilities of fat and protein yields were 
similar and both were lower than the estimate for milk yield. The permanent en-
vironmental variance was similar for both traits and was higher than the additive 
variances, but a high proportion of the total variance of fat and protein yields was 
due to temporary environmental effects not explained in the model as indicated by 
the high residual variance. This resulted in intra class correlations of 0.47 for fat 
yield and 0.58 for protein yield. 
Table 7.7: Estimate of heritability and variance components (±SE) from a univari-
ate repeatability model for different traits 
Trait 2 01a 
2 -- 2 h- 9 	t 
Milk yield 11.4±2.3 8.4 ± 1.5 5.9 ±0.04 0.44 ±0.07 	0.77 
Fat yield 9.0 ± 1.9 9.4 ± 1.3 20.3 ± 0.2 0.23 ± 0.04 	0.47 
Protein yield 5.7 ± 1.5 9.3 ± 1.1 11.4 ± 0.1 0.22 ± 0.05 	0.58 
Fitting lactation stage as a covariate for milk yield 
Quadratic 12.7 ± 2.8 7.5 ± 1.63 7.4 ± 0.05 0.46 ± 0.08 0.73 
Cubic 11.1 ± 2.2 8.4 ± 1.37 6.9 ± 0.05 0.42 ± 0.07 0.74 
Quartic 11.2 ± 2.4 8.6 ± 1.43 6.3 ± 0.05 0.43 ± 0.07 0.76 
Variances of milk yield are in kg 2 while variances of fat and protein yields 
are x10 3 kg 2 . h2  = heritability and t = repeatability estimates respectively. 
Quadratic, Cubic and Quartic refer to polynomial regressions fitted to model 
the effect of lactation stage instead of including it as a factor. 
Fitting lactation stage as a covariate with polynomial regressions to the order of 3 
(cubic) and 4 (quartic) in the model instead of as a factor with 42 degrees of free-
dom did not result in significant changes in the estimated variance components and 
their ratios for milk yield. The heritability of milk yield was 0.42 and 0.43 for the 
cubic and quartic models respectively, which compares well with the 0.44 (Table 7.7) 
estimated when lactation stage was fitted as a factor in the model. However h2 was 
slightly higher (0.46 ± 0.07), because of higher additive genetic variance, when the 
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effect of lactation stage was modelled with a quadratic regression. Residual variance 
was higher, showing that the quadratic regression did not sufficiently accounted for 
the effect of lactation stage on individual yields. Genetic and phenotypic correla-
tions between milk, fat and protein yields, estimated with a multi-trait repeatability 
model, are presented in Table 7.8. The results show that milk yield was more highly 
correlated genetically and phenotypically with protein yield than fat yield. This 
indicates that protein yield can be predicted more accurately from milk yield than 
fat yield. 
Table 7.8: Genetic (below diagonal) and phenotypic (above diagonal) correlations 
between milk fat and protein yield (kg) 
Trait Milk Fat Protein 
Milk yield 0.36 0.62 0.84 
Fat yield 0.67 0.24 0.75 
Protein yield 0.94 0.73 0.23 
Heritability estimates are on the diagonal. Their standard errors were 0.07, 
0.04 and 0.05 for milk, fat and protein yields respectively. 
Standard errors of the correlations ranged from 0.01 to 0.08. 
7.4.3 Random regression model 
Log Likelihoods 
The goodness of fit of the derived covariance functions, based on likelihood ratio 
tests, varied significantly between different order of polynomials in the random re-
gression model. Log likelihoods increased significantly (P < 0.05) as the order of 
the polynomial in both the fixed and random part of the model was increased from 3 
to 5. Maximum likelihoods and the change in likelihood as the order of fit increased 
are presented in Table 7.9 for models with either 4 or 10 specified measurement 
error (ME) classes. In terms of the likelihoods, the model with the best fit (ln £ = 
-18832.7) was the one which used a fourth order polynomial (k=5) in both the fixed 
and random part of the model and with the maximum number (10) of measurement 
errors specified. The worst fit (ln £ = -19770.5) was obtained when a constant error 
for yield at all stages of lactation (ME=1) was assumed and a second order polvno-
mial (k=3) in both the fixed and random part of the model was used. A comparison 
of the modeis with different order of polynomial in this study is not strictly valid 
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because the higher order polynomial in the fixed part of the model will account for 
a higher proportion of the variance of milk yield than the lower order fit. Such a 
comparison will be valid only if the fixed part of both models is the same and the 
difference in the number of parameters is due to the difference in order of polynomial 
in the random part of the model. 
Table 7.9: Maximum log likelihoods (SC) of random regression models with different 
order polynomials as sub models and the number of measurement errors (ME) fitted 
Order Number Number of Maximum Change 
of fit of ME parameters ln £ in ln £ 
3 1 13 -19770.5 - 
3 4 16 -19519.8 251 
3 10 22 -19474.4 45 
3 37 49 -19330.6 144 
4 1 21 -19258.6 - 
4 4 24 -19133.8 125 
4 10 30 -19096.3 37 
5 1 31 -18962.7 - 
5 4 34 -18855.7 107 
5 10 40 -18832.7 23 
The results in Table 7.9 also show that there was significant change in log likelihoods 
when the number of parameters estimated increased following the increase in the 
number of measurement errors (ME) specified in the model. The log likelihood in-
creased by 296 when ME was increased from 1 to 10 for the quadratic model. Fitting 
separate measurement errors for each lactation stage (ME=37) resulted in a highly 
significant increase in log likelihood of about 440. The corresponding increases in es-
timated parameters were 9 and 36 respectively. Fitting ME=10 instead of 1 resulted 
in similar changes in the estimated likelihood for the higher order polynomials (162 
and 130 for k=4 and 5 respectively), but the magnitude of the change in likelihood 
increased as the order of fit decreased. This means that the effect of increasing the 
number of parameters by the same magnitude (9 in this case) on the log likelihoods 
was much more when the order of fit was low (k=3) than high (k=5) suggesting that 
specifying the correct number of measurement errors is more important when lower 
order polynomials are used to model or 2  and o. The maximum log likelihood of the 
cubic model (k=4, ME=1) which had 21 parameters was higher than the quadratic 
model (k=3, M=10) with 22 parameters. 
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Eigenvalues and eigenfunctions 
For all models considered, only the first three eigenvalues were significantly different 
from zero suggesting that a coefficient matrix of rank 3 (or a polynomial function 
with k=3) could adequately model the covariances. Table 7.10 shows the first 3 
eigenvalues of the genetic and permanent environment covariance functions for 
models with 4 and 10 measurement errors. The leading eigenvalue accounted for 
about 93% of the sum of the eigenvalues for each model including models with 
vIE=1 (not shown). The eigenfunction corresponding to the first 3 eigenvalues of 
the genetic covariance function for milk yield are plotted in Figure 7.1. These were 
estimated from the models with 10 measurement errors. Similar plots for the models 
with 4 measurement errors were not different for the same order of fit. 
Table 7.10: First three eigenvalues 	for the genetic and permanent environmental 
covariance functions for milk yield 
ME 




A 	A2 	A 3 
4 3 18.95 1.26 0.13 20.45 2.44 0.81 
4 4 19.83 1.23 0.25 20.73 2.60 0.87 
4 .5 20.22 1.19 0.24 20.38 2.54 0.91 
10 3 19.66 1.29 0.13 20.40 2.47 0.82 
10 4 19.80 1.27 0.25 20.71 2.59 0.90 
10 5 20.56 1.21 0.24 20.18 2.55 0.92 
Figure 7.1 shows that the leading eigenfunction was positive at all stages of lactation 
suggesting a positive relationship among milk yields at all stages of lactation. This 
means that improving yield at any stage of lactation will have a positive effect 
on yield at all stages of lactation. The eigenfunction was relatively constant at 
all stages of lactation implying that the same factor(s), such as genes, affect milk 
yield at all stages of lactation and the effect of this factor is relatively similar for 
yield at different stages of lactation. We could associate this eigenfunction and the 
corresponding eigenvalue with the constant coefficient of the covariance function 
and hence the mean additive (co)variance. The leading eigenvalue accounted for 
93% of the sum of all eigenvalues implying that the leading eigenfunction alone 
accounts for 93% of the additive genetic variance of milk yield. Thus selection on 
the factor(s) represented by this eigenfunction will result in genetic improvement 
of milk yield. The magnitude of the leading eigenvalue and the relative fitness of 
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Figure 7.1: Eigenfunction of the genetic covariance function for milk yield from 
different order (k) of polynomial regressions 
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A close examination of the first eigenfunction for all models (Figure 7.1d) show 
a slight variation between models. Generally, the leading eigenfunction increa.sed 
towards the end of lactation suggesting selection on the factor it represents may have 
a higher positive effect on yield in mid/late lactation than in early lactation. The 
second eigenfunction was negative in early lactation and positive in late lactation. 
The change in sign implies that selection on this factor will have different effects on 
yield in early and late stages of lactation. The second eigenvalue can therefore be a 
measure of persistency which can be used to change the shape of the lactation curve. 
The potential for genetic improvement with selection on this factor is small because 
it accounts for only 6% of the additive variance. The factor represented by the third 
eigenfunction was positive in early and late stages of lactation and negative in mid 
lactation and accounts for only 1% of the additive variance hence; selection based 
on this factor will have negligible effects. 
Estimate of variance components 
Figure 7.2 shows the variance components estimated from the different models for 
all stages of lactation for models with 4 or 10 measurement error groups. The 
genetic, permanent environment and residual variances estimated by the random 
regression model varied depending on the order (k) of polynomial fit used in the 
random regression model. Genetic variance estimated for the earliest week in the 
data (lactation week 4) averaged 6.8, 9.2 and 10.7kg 2 respectively for models with 
quadratic (k=3), cubic (k=4) and quartic (k=5) polynomials. These declined by 
about 0.1, 2 and 4kg 2 respectively between weeks 4 and 8 of lactation with the highest 
drop observed for the highest order polynomial. None of the models consistently 
produced high or low variances at all stages of lactation. The number of errors 
specified did not significantly affect the estimated component of variance in general 
but genetic phenotypic variance estimates in the first 8 weeks of lactation were 
generally higher for models with ME=10 than with ME=4 for the same order of fit. 
Also the quartic model (k=5) tended to estimate higher genetic variances for most 
weeks in late lactation when ME was 10 than with ME=4. 
A large difference in the estimate of permanent environmental variances (Figure 7.2, 
middle row) was observed between the models in the first 2.5 weeks of lactation. 
with the quadratic model giving the highest estimates in the first 7 weeks and 
lowest estimates between lactation weeks 8 and 25. With the exception of the 
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Figure 7.2: Variance components (kg 2 ) estimated with random regression models 
with orthogonal polynomials. k=order of fit, ME=measurement error groups 
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Table 7.11: Mean estimate of variance components (kg 2 ) by random regression and 
multivariate REML models at different stages of lactation 
Var. Stage Means Standard deviation 
comp. (weeks) Mult k=3 k=4 k=5 Mult. k=3 k=4 k=5 
4-10 7.3 6.7 7.2 7.4 1.10 0.85 1.03 1.68 
11-19 8.3 7.9 7.3 7.4 0.93 0.64 0.79 1.14 
20-28 8.1 10.7 11.0 11.7 0.87 0.96 1.38 1.23 
29-36 10.4 13.8 14.8 14.5 0.90 0.95 0.82 0.57 
37-40 11.9 16.3 15.8 16.2 0.41 0.57 0.09 0.54 
4-10 - 11.7 11.5 11.3 - 0.93 0.46 0.48 1 
11-19 - 10.8 12.0 12.3 - 0.22 0.16 0.07 
20-28 - 11.6 12.0 11.9 - 0.20 0.06 0.19 
29-36 - 12.4 12.6 12.1 - 0.48 0.31 0.43 
37-40 - 14.7 14.6 14.5 - 0.89 1.06 1.27 
4-10 20.4 22.8 22.1 21.3 1.31 3.67 2.79 1.74 
11-19 22.9 21.7 22.1 22.5 1.78 1.15 1.15 1.33 
20-28 23.5 25.6 26.0 26.5 1.27 1.16 1.42 1.05 
29-36 24.1 29.1 30.0 29.1 0.99 0.94 0.71 0.56 
37-40 26.2 33.1 32.3 32.4 0.43 1.47 0.98 1.81 
k=order of polynomial fit in random regression model. 
Mult=estimates from multivariate analysis of test day yields. Others are esti-
mates from random regression models with 4 measurement errors. 
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lactation and only increased significantly from lactation week 35. Unlike the trend 
for genetic variances, the lowest order polynomial (k=3) gave the highest estimate 
of cr while the highest order polynomial (k=5) gave the lowest in the first 7 weeks of 
lactation. The situation was reversed for most weeks in mid lactation. The difference 
in phenotypic variance estimated by the different models was high in lactation weeks 
4 and 5. Estimates of phenotypic variance of milk yield in lactation week 4 were 31.8, 
29.9 and 26.6kg 2 for the quadratic, cubic and quartic polynomial random regression 
models with ME=10 respectively. These were higher than the respective estimates 
with ME=4. The quadratic model gave the lowest phenotypic variance estimates for 
most weeks in mid lactation and the highest estimates at both ends of the trajectory. 
All models indicate that genetic and phenotypic variances were lowest around the 
time of peak milk production (lactation weeks 6-15) which suggests lower variation 
in yield between individuals around this stage of milk production. 
The genetic, permanent environment and phenotypic variances of milk yield esti-
mated by the random regression models are summarised in Table 7.11 along with 
estimates obtained from multivariate analysis. The results show that the random 
regression models gave higher estimates of genetic and phenotypic variances in mid 
and late stages of lactation than the multivariate model. The RRM with the lowest 
order of polynomial (k=3) gave lower estimates of genetic variance in the first 10 
weeks of lactation. Both models indicate that genetic and phenotypic variances in-
creased towards the end of lactation but the increase was more pronounced for the 
estimates obtained with the random regression models. 
Measurement errors 
Measurement errors (or residual variances) estimated for milk yield at different stages 
of lactation by different random regression models are summarised in Table 7.12. 
The results from the model which fitted separate errors for every test day yield 
indicated that residual variance of milk yield was highest for yield in lactation week 
4 and lowest for milk yield in lactation week 34. The variances dropped rapidly 
between weeks 4 and 9 and were relatively stable in mid lactation. The results 
further show that the estimated residual variances for yield in each week of lactation 
decreased as the order of polynomial regression in the model increased. This trend 
was noticed when yields at different stages of lactation were grouped into 4 as well 
as 10 measurement error classes. The decline in residual variances may be clue to 
the increase in the ability of the higher order polynomials to model the lactation 
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curve and yields in beginning of lactation in particular. As the fit of the models 
increases, more variation in yield due to lactation stage is accounted for by the fixed 
regressions thereby reducing residual variance. This was more noticable for yields 
in early lactation and may explain the high phenotypic variance of the models with 
k=3 compared to the higher order model in early lactation (see Figure 7.2). 
When the residual variance was assumed constant for milk yield in lactation weeks 
4 and 5, the estimate was 8.6kg 2 for the quadratic model. However, when the 
variance was allowed to vary for yield in the two weeks the estimate for week 4 was 
11.6 while the estimate for week 5 was 6.3kg 2 . This shows that an assumption of 
equal measurement error for yields in weeks 4 and 5 for this data is wrong. The 
implication of this wrong assumption is that the total variance and the ratio of 
the variances such as the heritability will vary. Assumptions on the grouping of 
measurement errors is therefore important in the random regression model. Large 
differences in Log Likelihoods were observed when the grouping of weeks assumed to 
have the same error was changed even when the same number of errors was specified 
for the same polynomial model. Figure 7.3 shows the estimated residual variances for 
different stages of lactation when measurement error was assumed to vary between 
yields in every week of lactation (ME=37) or assumed constant for yield in certain 
weeks of lactation (ME=10). The figure shows the basis for splitting the lactation 
into 10 ME classes. The mean residual variances estimated for the weeks assumed 
to have equal error variance by the model with ME=37 were close to the estimated 
values for the same weeks by the model with ME=10 as shown in Table 7.12. 
Heritability estimates 
The heritability of milk yield at different stages of lactation estimated by multivariate 
and random regression methods is plotted in Figure 7.4. The RRM estimates were 
obtained from models with ME=10. Multivariate estimates ranged from 0.26 in 
week 2 to 0.48 in week 33 and dropped afterwards to 0.39 in lactation week 44. The 
range of the estimates varied for the different order of polynomials in the random 
regression models. The quadratic model gave h2 estimates ranging from 0.22 in 
lactation week 4 to 0.50 in week 36 and dropped only slightly to 0.49 in week 40. 
The higher order polynomials gave estimates which initially dropped between week 
4 and 10 and increased afterwards to peak around week 35 of lactation. This drop 
compared to the quadratic model can be attributed to the fact that both additive and 
phenotypic variances predicted by cubic and quartic RRM models followed a similar 
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Table 7.12: Residual variances (kg 2 ) estimated by RRM models for milk yield at 





















2.90 ± 0.8 
3.27 + 0.8 
3.22 ± 0.8 
2.12 ± 0.6 
10 ME classes 
k=3 k=4 k=5 
11.6 7.69 3.97 
6.28 3.78 2.27 
3.68 2.68 3.01 
1.83 1.66 1.88 
2.51 2.76 2.65 
2.17 2.32 2.06 
2.88 2.62 2.50 
3.31 3.13 2.99 
3.24 2.94 2.90 
2.08 1.91 1.74 
4 ME classes 
k=3 k=4 k=5 
8.56 5.42 2.97 
8.56 5.42 2.97 
2.76 2.54 2.49 
2.76 2.54 2.49 
2.76 2.54 2.49 
2.76 2.54 2.49 
2.76 2.54 2.49 
3.28 3.06 2.96 
3.28 3.06 2.96 


















5 	10 	15 	20 	25 	30 	35 	40 
Lactation stage (weeks) 
Figure 7.3: Residual variance of milk yield estimated by models assuming a separate 
error for milk yield in individual (ME=37) or groups (ME=10) of weeks 
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pattern (ie high in early lactation, low around peak production and increased towards 
the end of lactation). Genetic variance predicted by the quadratic model was the 
lowest while the phenotypic variance was highest in early lactation compared to the 
higher order models. The random regression models gave h2 estimates consistently 
higher than corresponding estimates from the multivariate analysis, especially for 
the higher order polynomial models. The difference in estimates can be attributed 
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Figure 7.4: Heritability estimates from multivariate (MULT) and random regression 
models with different order of polynomials 
Genetic and phenotypic correlations 
Milk yield 
Genetic and phenotypic correlations of milk yield in selected weeks of lactation 
are presented in Table 7.13 for random regression models with different order of 
polynomials and ME=10. Estimates obtained by the model with k=3 and ME=4, 
which are presented in Table 7.15, were not too different. Genetic correlations 
were consistently higher than phenotypic correlations and decreased as the interval 
between yields increased. The genetic correlation between yields in week 4 and 40, 
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which was the lowest was over 0.50 indicating that selection based on yield in early 
lactation will have a positive effect on yield in later stages of lactation. Comparing 
the estimates from different models with different order polynomials shows that none 
of the models gave consistently high or low correlations between yields in a given 
pair of weeks across lactation. It seems, however, that genetic correlations among 
yields in early lactation (e.g. weeks 4 and 10) were higher for the quadratic (k=3) 
model than the quartic (k=5) model while the reverse was the case among yields in 
later stages of lactation (See correlation between between yields in weeks 4 and 10 
versus weeks 30 and 40). These estimates differed from the estimates obtained by 
multivariate analysis for the same pairs of weeks (Table 7.4) both in magnitude and 
consistency of trend. 
Fat and protein yield 
Heritability estimates as well as the genetic and phenotypic correlations among fat 
and protein yields in selected weeks of lactation are presented in Table 7.14. Es-
timates were obtained by random regression with k=3 and ME=4 for both traits. 
The estimated variance components and ratios for yields in every other week are 
presented in Tables 7.16 and 7.17 for fat and protein yields respectively. Heritability 
of fat yield ranged from 0.20 in lactation week 4 to 0.33 in week 35. Corresponding 
estimates for protein yield were 0.20 and 0.28 respectively. The random regression es-
timates for both traits were generally higher than the multivariate estimates. There 
was a more consistent decline in estimates as the interval between yields increased 
in the RRM estimates compared to the multivariate estimates. This discrepancy in 
the multivariate estimates may be due to the fact that yields in different weeks of 
lactation were analysed in groups unlike the RRM model which included all yields 
in one analysis. There were therefore differences in sources of information which will 
affect the covariances and hence the correlations. 
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Table 7.13: Heritability (bold face), genetic and phenotypic correlations (xlOO) 
among milk yield in selected weeks of lactation estimated with random regression 
models (ME=10) 
WK, WK3  k = 3 
h2 /r9 
k=4 k = 5 k = 3 
c2 /r 
k=4 k = 5 
4 4 0.22 0.31 0.42 0.42 0.43 0.43 
4 10 94.4 89.4 89.7 68.8 68.3 70.1 
4 20 76.2 73.0 74.6 52.3 52.7 58.8 
4 30 63.9 69.2 69.7 43.4 49.6 54.6 
4 40 57.6 53.8 60.4 39.8 41.8 47.0 
10 10 0.34 0.31 0.29 0.52 0.56 0.58 
10 20 93.1 93.6 94.1 78.5 79.5 78.0 
10 30 84.4 85.7 86.3 69.9 67.4 61.3 
10 40 77.2 73.4 77.9 59.2 60.2 58.4 
20 20 0.39 0.37 0.40 0.47 0.50 0.48 
20 30 97.7 96.7 97.2 83.7 81.9 82.4 
20 40 92.1 90.2 92.8 71.6 72.0 73.2 
30 30 0.46 0.48 0.49 0.43 0.42 0.41 
30 40 97.8 97.0 98.6 84.1 82.5 82.9 
40 40 0.49 0.47 0.49 1 0.45 0.47 0.46 
Table 7.14: Random regression estimates of heritability (diagonal), genetic (below) 
and phenotypic (above) correlation (x 100) amongst fat and protein yields at differ-
ent stages of lactation 
Trait Week 4 10 15 20 25 30 35 40 
4 0.20 51 45 38 33 30 30 29 
10 98 0.23 52 48 44 41 40 36 
15 94 99 0.26 54 52 49 48 42 
Fat 20 88 95 99 0.26 55 54 53 47 
yield 25 81 90 96 99 0.27 57 58 52 
30 74 85 92 97 99 0.29 62 59 
35 67 79 88 94 98 99 0.33 68 
40 61 74 84 91 96 98 100 0.32 
Weeks 4 10 15 20 25 30 35 40 
4 0.20 57 49 43 38 35 34 32 
10 97 0.25 61 59 56 53 51 45 
15 91 98 0.24 63 62 59 58 51 
Protein 20 84 95 99 0.25 66 65 64 58 
yield 25 77 90 96 99 0.26 68 69 64 
30 69 85 92 97 99 0.26 73 70 
35 66 79 88 94 98 99 0.28 79 
40 53 72 83 90 95 98 99 0.26 
170 
Table 7.15: Random regression estimates of variance components and heritability of 
milk yield at different stages of lactation 
Week a cr a h c 2 
4 6.81 13.22 8.56 28.59 0.24 0.46 
6 6.63 11.89 2.76 21.28 0.31 0.56 
8 6.65 11.08 2.76 20.50 0.32 0.54 
10 6.83 10.68 2.76 20.28 0.34 0.53 
12 7.15 10.56 2.76 20.48 0.35 0.52 
14 7.58 10.63 2.76 20.98 0.36 0.51 
16 8.09 10.81 3.28 22.19 0.36 0.48 
18 8.67 11.04 3.28 23.00 0.38 0.48 
20 9.30 11.26 3.28 23.85 0.39 0.47 
22 9.97 11.46 3.28 24.72 0.40 0.46 
24 10.66 11.62 3.28 25.57 0.42 0.45 
26 11.37 11.75 3.28 26.41 0.43 0.44 
28 12.10 11.86 3.28 27.25 0.44 0.44 
30 12.84 12.01 3.28 28.14 0.46 0.43 
32 13.60 12.25 3.28 29.13 0.47 0.42 
34 14.37 12.65 2.08 29.10 0.49 0.43 
36 15.18 13.30 2.08 30.56 0.50 0.44 
38 16.03 14.32 2.08 32.43 0.49 0.44 
40 16.94 15.84 2.08 34.85 0.49 0.45 
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Table 7.16: Variance components (x 10) and heritability of fat yield at different 
stages of lactation 
Week a 2 u cr a h2 c2 
4 9.6 17.9 21.2 48.7 0.20 0.37 
6 9.2 14.7 17.8 41.7 0.22 0.35 
8 8.9 12.5 17.8 39.2 0.23 0.32 
10 8.7 11.0 17.8 37.5 0.23 0.29 
12 8.5 10.1 17.9 36.5 0.23 0.28 
14 8.4 9.7 17.8 35.9 0.23 0.27 
16 8.4 9.5 14.7 32.6 0.26 0.29 
18 8.5 9.5 14.6 32.6 0.26 0.29 
20 8.6 9.7 14.6 32.9 0.26 0.29 
22 8.8 9.8 14.6 33.2 0.27 0.30 
24 9.1 10.0 14.6 33.7 0.27 0.30 
26 9.3 10.2 14.6 34.1 0.27 0.30 
28 9.7 10.3 14.6 34.6 0.28 0.30 
30 10.1 10.6 14.6 35.3 0.29 0.30 
32 10.5 11.0 14.6 36.1 0.29 0.30 
34 10.9 11.6 11.0 33.5 0.33 0.35 
36 11.4 12.5 11.0 34.9 0.33 0.36 
38 12.0 13.9 10.9 36.8 0.33 0.38 
40 12.5 15.9 11.0 39.4 0.32 0.40 
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Table 7.17: Variance components (x10 3 ) and heritability of protein yield at differ-
ent stages of lactation 
Week a. a Pe  o a, h2 c2 
4 4.7 9.6 9.6 23.9 0.20 0.40 
6 4.8 8.6 7.2 20.6 0.23 0.42 
8 4.9 8.1 7.3 20.3 0.24 0.40 
10 5.1 8.0 7.2 20.3 0.25 0.39 
12 5.3 8.2 7.2 20.7 0.26 0.40 
14 5.5 8.5 7.3 21.3 0.26 0.40 
16 5.8 9.0 8.8 23.6 0.25 0.38 
18 6.1 9.6 8.8 24.5 0.25 0.39 
20 6.3 10.2 8.8 25.3 0.25 0.40 
22 6.6 10.8 8.8 26.2 0.25 0.41 
24 6.9 11.4 8.8 27.1 0.25 0.42 
26 7.2 12.0 8.8 28.0 0.26 0.43 
28 7.5 12.6 8.7 28.8 0.26 0.44 
30 7.8 13.2 8.7 29.7 0.26 0.44 
32 8.0 13.9 8.8 30.7 0.26 0.45 
34 8.3 14.8 6.2 29.3 0.28 0.51 
36 8.6 15.9 6.2 30.7 0.28 0.52 
38 8.8 17.3 6.2 32.3 0.27 0.54 
40 9.0 19.2 6.2 34.4 0.26 0.56 
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Breeding values 
Estimated breeding values (EBV) were obtained for each lactation week for each cow 
and averaged to obtain the mean breeding value per cow for comparison with the 
estimates from the repeatability model. Table 7.18 shows a summary of the breeding 
values of daily milk yield estimated with the repeatability model for each cow and 
the random regression estimates averaged over all weeks of lactation and cows. The 
standard deviation and related statistics presented reflect the between cow variation 
in EBVs or mean EBVs in case of the RRM models. Estimated breeding values 
for each week of lactation increased as the order of polynomial regression in the 
RRM models increased. For models with 4 measurement errors, the mean EBV 
were -0.161, -1.89 and -1.96kg for k=3, 4 and S respectively. Corresponding values 
were higher when the number of measurement error classes was increased to 10. 
The average EBV for the repeatability model was lower (-0.066 ± 2.17) than the 
average for the random regression models reflecting the higher heritability of milk 
yield in most stages of lactation estimated by the RRM model, compared to the 0.44 
estimated by the repeatability model. 






Random regression models 
ME = 4 	 ME = 10 
k=4 k=5 	k=3 	k=4 k=.5 
Mean -0.066 -0.161 -0.189 -0.196 -0.163 -0.190 -0.199 
SD 2.17 1.97 2.00 2.06 1.99 2.01 2.09 
Minimum -6.60 -5.48 -6.45 -7.35 -5.56 -6.57 -7.48 
Maximum 6.19 6.32 6.89 7.22 6.41 6.95 7.35 
1st quartile -1.28 -1.15 -1.21 -1.16 -1.17 -1.23 -1.19 
3rd quartile 1.35 1.14 1.15 1.20 1.14 1.14 1.22 
* Minimum, maximum and quartile values for each model are expressed as de-
viation from the respective means. 
REP =repeatability model, ME=Measurement errors, k=order of polynomial re-
gression, SD=standard deviation, 
The correlation among EBVs from the different RRM models and the repeatability 
model is presented in Table 7.19. There was a high correlation (0.94) between the 
EBVs for each cow estimated by the repeatability models (REBV) and the estimate 
from the different random regression models. This implies breeding values estimated 
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with a simple repeatability model without the random regressions could rank animals 
for selection almost as well as estimates obtained from the random regression models. 
Rank correlation of EBVs from the repeatability model and the random regression 
model were also high (0.93 - 0.94). The correlation between EBVs from the same 
RRM models with 4 and 10 measurement errors was unity which implies that there 
was no significant difference in the breeding values estimated by the models with 
10 or 4 ME classes provided the same order of polynomial regression was fitted. In 
practice, this means accurate EBVs may be obtained with the RRvl model with 
about 6 parameters less than the 22, 30 and 40 currently estimated for quadratic, 
cubic and quartic models respectively with ME=10. The correlation between EBVs 
from the cubic (k=4) polynomial with ME=4 and quartic polynomial (k=5) with 
?vIE=10 model was about 0.99. The difference between the models in number of 
parameters estimated was 16. This shows that comparable estimates of breeding 
values can be obtained with about half the computing cost required for the quartic 
model. 
Table 7.19: Correlation (xlOO) among breeding values estimated by the repeatability 
and random regression models 
Model ME k REP 1 2 3 4 	3 
1 4 3 94.3 
2 4 4 94.6 98.6 
3 4 5 94.4 97.5 99.2 
4 10 3 94.3 100.0 98.6 97.5 
5 10 4 94.6 98.7 100.0 99.2 98.6 
6 10 5 94.4 97.5 99.0 100.0 97.5 	99.1 
REP 1 2 3 4 .5 
Table 7.20: Change in rank of individuals based on mean EBVs for all versus the 







No change 11 1.4 1.4 
1 - 5 81 10.5 11.9 
6 - 10 70 9.1 21.0 
11 - 50 360 46.6 67.6 
51 - 99 155 20.1 87.7 
100-230 95 12.3 100 
The correlation between the mean EB\ (averaged over weeks) for each cow in the 
first (weeks 4-20) and last half (weeks 21-40) of lactation was 0.91 with a rank 
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correlation of 0.90. This suggests that animals will be ranked differently by their 
mean EBVs in early and late stages of lactation. However, the correlation between 
the mean EBV in the first half of lactation and the overall mean, which is more 
important, was 0.97. The corresponding rank correlation was 0.96 which suggests 
that the mean EBVs in the first half of lactation give a good indication of the overall 
genetic merit of the individual. However, yields in later stages of lactation can cause 
some individuals to change rank relative to the ranking based on yield in the first 
half of lactation as indicated by the rank correlation less than 1 and the stronger 
correlation between mean EBV of yields in later stages of lactation and the overall 
mean (0.99). 
•Table 7.20 shows the absolute change in rank of individuals when evaluation was 
based on the mean EBV for all weeks of lactation instead of the mean for the first 
20 weeks of lactation. The estimates are based on EBVs estimated by the random 
regression models with k=4 and ME=10. The results shows that only about 1.4% of 
the cows did not change rank at all while 20.6% either increased or decreased in rank 
by 10 or less places. However, about 12.3% of the cows changed rank by over 100 
places when ranking was based on the mean EBV for the whole lactation instead of 
the mean for the first 20 weeks of lactation. This consisted of 5.0% which increased 
their ranking by 100 places or more and 7.3% which dropped in rank by 100 places 
or more when the EBVs in the later stages of lactation were utilised. A significantly 
high proportion of individual will therefore be wrongly ranked if selection for overall 
milk production is based on the performance in the first half of lactation only. 
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7.5 Discussion 
This study compared the traditional multivariate animal model with a repeatability 
test day model and the recently proposed random regression model for the estimation 
of genetic parameters of dairy cattle milk, fat and protein yields. It was designed 
to aid understanding of the random regression method and its suitability for the 
genetic analysis of test day records. Much of the results presented were for milk 
yield to enable adequate coverage of the relevant issues without much repetition. 
Results for fat and protein yields have been presented where necessary. 
Multivariate analysis of milk yield in selected stages of lactation in this study took 
about half the computing time spent analysing data with all three models after the 
initial data preparation. This was because of the need to analyse only a few of 
the traits at a time to avoid convergence problems experienced when 5 traits were 
analysed at a time. The difficulties were compounded by the presence of missing 
data (Ducrocq and Besbes, 1993) which resulted in as many as 20 patterns of missing 
data in some instances when 5 traits were analysed together. Hence the analysis 
was eventually done with several bi- and tn- variate analyses as others have done 
in the analysis of test day records (Pander et al., 1992; Kettunen et at., 1997h). 
The random regression REML method used in this study allowed the estimation of 
variance components and their ratios for every week of lactation in a small fraction 
of the time the multivariate analysis would have taken to accomplish the same 
objective. The repeatability test day model took the least time but estimated fewer 
parameters. 
Estimates of population parameters in this study were expected to vary from results 
quoted in the literature because this study was based on data from a single high 
yielding herd which is not typical of the average dairy herd in the UK. Also, the 
study involved a relatively small data set. The 488 cows with records were the 
daughters of 49 sires and 94 dams. The pedigree included 53 grand sires and 58 
grand dams with progeny. These results are therefore not intended to serve as the 
estimates for the UK population and should not be so regarded. The main interest, 
as stated earlier, was to understand the difference due to the models used in the 
study. However the similarity in the estimate of genetic parameters in this and 
previous studies gives us some confidence in the methods considering the limitations 
imposed by the small size of the data. 
The heritability of milk yield from the multivariate analysis ranged from 0.26 for 
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the average milk yield in week 2 to 0.43 for the average yield in week 40. Previous 
estimates for test day milk yield in a larger study (Pander et aL,1992) ranged from 
0.27 for test day 1, to 0.43 for test day 8. In this study, parameters have been 
estimated for yield in specific stages of lactation. Similar estimates in the past 
(Meyer et al., 1989; Pander et al.,1992; Jamrozik and Schaeffer, 1997; Kettunen et 
al., 1997a), have been based on test day yield records, each of which might include 
yield over several weeks of lactation. The repeatability test day model gave the only 
estimates of genetic parameters for milk, fat and protein yields which are comparable 
with estimates reported for 30.5 day yield. The heritability of 0.44 for milk yield in 
this study is comparable with the estimate (0.39) reported by Visscher (1991) and 
the 0.35 used in the UK evaluation (ADC, 1997) if we allow for sampling deviation. 
Corresponding estimates for fat and protein yields were less than the estimates 
obtained by Visscher (1991). The implication of the difference in these estimates on 
response to selection are not valid at this stage unless a more detailed study confirms 
the estimates obtained here. In this study, it was sufficient to see that milk yield was 
more heritable than fat and protein yield, that fat and protein yields were equally 
heritable and that protein yield was more highly correlated with milk yield than fat 
yield as other larger studies with 305-day yields have shown (Visscher, 1991; Pander 
et al.. 1992). 
Heritabilities of all traits estimated by the repeatability model were vitliin the range 
of estimates obtained for the same trait in individual weeks of lactation by the 
random regression model. The relationship between the RRM estimates and the 
one obtained by the repeatability model is, however, not clear even though the 
repeatability estimate was close to the mean of the estimates for all weeks by the 
RRM model especially for milk yield. The high correlation (0.94) between breeding 
values for milk yield estimated by the repeatability model and the mean of all weekly 
BVs for each cow estimated bv the RRM shows that there will not be significant 
re-ranking of animals if evaluation is based on the simple repeatability model instead 
of the random regression model. The similarity between both methods is due to the 
fact that each accounts for the same environmental effects in the fixed part of the 
model with the exception that the effect of lactation stage was accounted for by a 
polynomial regression in the RRM model with 4 degrees of freedom while lactation 
stage was included as a fixed effect with 36 degrees of freedom in the repeatability 
model. Including fixed regressions in the repeatability model to account for the 
effect of lactation stage would yield similar results. 
The RRM model gave breeding values for yield in each week of lactation which 
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allowed evaluation of the animals on other traits such as the persistency of milk 
production (Jamrozik et at., 1997a). For example, the second eigenfunction of the 
additive genetic covariance function gives us some information about the genetic 
variation in persistency. In this study, persistency was estimated as the ratio of 
the mean EBV in the first half of lactation to the mean EBV in the last half of 
lactation. The range of this ratio was very wide suggesting a large genetic variation 
in persistency. This observation was also made in a previous chapter on individual 
variation in the shape of the lactation curve. Significant re ranking of at least 
12% of individuals in this analysis could be attributed to their persistency in milk 
production in terms of the difference in their mean EB\T in early and late stages of 
lactation. Definite conclusions cannot be made at this stage because other factors 
such as the number and distribution of available records per cow have not been taken 
into account and the effect of this on the EBVs have not been investigated. 
Estimates of heritability from the random regression model in this study, especially 
with models which include higher order polynomials (k=4 or 5), declined from lac-
tation week 4 to week 10 and increased afterwards. Generally however, they were 
lower than the initial results of Jamrozik and Schaeffer (1997). Our estimates how-
ever compared with more recent results both in value and trend across lactation 
stage (Kettunen et at., 1997b; .Jamrozik et at., 1997b). The differences can he 
att-rihuted to difference in data and the method of analysis. This study used a re-
stricted maximum likelihood approach (Meyer and Hill, 1997) fitting the same order 
of polynomials as fixed and random regressions. Kettunen, et at., 1997h used differ-
ent order of polynomials for the fixed and random regressions. The Canadian studies 
(Jamrozik and Schaeffer, 1997; Jamrozik et at., 1997a; Jamrozik et at., 19971)), used 
biological models of the lactation curve instead of orthogonal polynomials and esti-
mated their parameters using Gibbs sampling. In their initial study, .Jamrozik and 
Schaeffer (1997) assumed a common permanent environmental variance for all test 
day yields. Modelling the permanent environmental variances as random regressions 
reduced the h2 estimates at all stages of lactation mostly by decreasing genetic vari-
ances and increasing permanent environmental variances (Jamrozik et at., 1997b; 
Kettunen et at. 1997b). In this study, both a and a were modelled as random 
regressions with the same order of orthogonal polynomials. 
Jamrozik and Schaeffer (1997) fitted separate measurement errors for each of the 29 
test days evaluated in their study. In this study, residual variances were assumed to 
be constant for certain groups of weeks. The results have shown that estimates of 
residual variances depend on the group of weeks assumed to have the same variance 
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and could bias results if the assumption is wrong. For example, the error variance of 
milk yield in week 4 was much higher than the estimate obtained by the correspond-
ing models when lactation weeks 4 and 5 were assumed to have the same error. This 
had the effect of increasing phenotypic variance from 28.6 to 31.8kg 2 for the model 
with k=3 and from 27.0 to 29.9kg 2 for the model with k=4 with no significant change 
in the other components. Hence h2 decreased by 0.02 in both cases. The results 
have clearly shown that residual variances are not constant. A random regression 
model with k=1 and ME=1 is similar to a constant variance repeatability model. 
Modelling the additive and permanent environmental variances with a continuous 
function assumes that those variances are not constant. It is therefore desirable that 
residual variances should also be modelled with a continuous function of time. 
Specification of individual errors in this study gave residual variance estimates which 
were not too different from the estimates when only 10 ME classes were specified. 
This was the case only when grouping was done with a prior knowledge of the error 
structure so that neighbouring weeks with similar residual variances were grouped 
together. In many instances one may not have prior knowledge and hence cannot 
group the records accurately. An alternative approach will be to model the error 
variances with a continuous function which may be the same or different from the one 
used to model the genetic and permanent environmental (co)variances. A simpler 
function involving less parameters may be sufficient as only the diagonal elements of 
the error covariance matrix need to the estimated because the correlation between 
errors at different stages of lactation is assumed to be zero. 
7.6 Conclusion 
A random regression animal model was used for the genetic analysis of weekly aver-
ages of daily milk yield by restricted maximum likelihood. The model proved more 
efficient and useful in the genetic analysis of test day records than the traditional 
multivariate REML analysis. The RRM method was faster and enabled the util-
isation of records from all stages of lactation in a single analysis resulting in the 
estimation of genetic parameters and prediction of breeding values for milk yield in 
all weeks of lactation included in the data. The results have shown that estimates 
vary depending on the function used to model the covariances. These differences, 
though small, could significantly affect the correlated response to selection. There 
is therefore a need determine the most appropriate model for the analysis of dairy 
WQ 
cattle production traits. The difference between the RRM model and the repeata-
bility model is the assumption made about the variance structure of test day yields. 
While the latter assumes a constant variance for all test day yields within lactation, 




GENERAL DISCUSSION AND CONCLUSIONS 
The standard measure of milk production in dairy cattle is the cumulative yield 
over a 305-day lactation period. Because of the high cost of official milk recording 
on a national scale, recording of milk yield and composition is currently limited 
to a few test days during lactation while the 305-day yield is predicted from the 
test day yields by various methods depending on the country (INTERBULL. 1986). 
Prediction of 305 day yields from monthly test day records by linear interpolation or 
curve fitting methods gives estimates which are different from the actual viekls by 
about ±3% on average (Anderson et al., 1989). This means that genetic evaluations 
based on predicted 305-day yields are associated with a double prediction error, 
i.e. the phenotypic prediction error due to the prediction of 305-day yield from test 
day records and the error associated with the prediction of breeding values floin 
predicted 305-day yields. 
In most countries, 305-day yields of individuals with partial lactation records are 
projected from the available records with some adjustment factors (Wiggans and 
Van Vleck, 1979; Danell, 1982c; Pander and Hill, 1993) before inclusion in genetic 
analysis. Leaving out partial lactation records may bias genetic evaluations (Nor-
man et al., 1985). However projected records are predictors with a regression factor 
to allow for reduced accuracy, hence they are less variable compared to complete 
records. To avoid differential weighting of projected and complete records in genetic 
analysis (Weller, 1988), projected 305-day yields are further scaled with some ex-
pansion factors (VanRaden et. al., 1991; Pander and Hill, 1993) to stabilise their 
variances and make them comparable with 305-day yields predicted from complete 
lactations. These projection factors are derived based on the assumption that the 
shape of the lactation curve is the same for all individuals. Yet genetic variation 
in persistency and hence the shape of the lactation curve has been demonstrated 
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(Danell, 1990; Gengler, 1995; Guo and Swalve, 1997) and confirmed in this study 
(Chapter 5). Bulls with a higher persistency will generally be under valued if the 
yield of all his daughters are projected with factors which assume a fixed shape of 
the lactation curve, while less persistent individuals will be over valued. 
To overcome these problems, it has been suggested that genetic evaluation of dairy 
cattle should be based directly on test day rather than 305-day yields (Pander and 
Hill, 1993; Ptak and Schaeffer, 1993; Swalve, 1995a; Jamrozik et al., 1997a). This 
will eliminate the need to predict 305-day yields from test day yields, and to project 
it when only partial lactation records are available, thus increasing the accuracy 
of genetic evaluation. Apart from eliminating the error due to the prediction and 
projection of 305-day yield from partial lactations, the accuracy of genetic evalua-
tions can also be improved by accounting more adequately for environmental factors 
which affect production and by using models which allow other relevant traits such 
as persistency of milk production to be included. With widespread use of automated 
milking facilities and availability of daily yield records, genetic evaluation based on 
test day yields will allow the introduction of more flexible schemes which may reduce 
the cost of milk recording. 
The collection of daily yield records from automated milking facilities in individual 
farms presents some practical problems such as how to manage the large volume of 
data that soon accumulates. Koorn and Wilmink (1994) proposed a system whereby 
daily yield records could be transferred directly to a central milk recording organisa-
tion by electronic mail from the farmers personal computer (PC). Regular transfer 
of records by electronic means implies that farmers do not have to store all the daily 
yield records longer than is required but the central milk recording organisation will 
have to increase their computer storage capacity. Summarising daily production 
records into weekly averages will reduce the space requirement without loosing too 
much information. In one study (Koorn and Wilmink, 1994) most of the farmers 
surveyed favoured electronic transfer of data rather than the current system of su-
pervised milk recording. However, this will require extra investment in developing 
software to interpret milk records from the milking machine and transfer informa-
tion such as herd and animal identifications, date and time of milking etc., to a 
centralised database. It will also require extra investment in telephone communica-
tion facilities. Some of the costs such as the development of software can be met 
centrally while the farmers may have to pay for the hardware and maintenance. 
Automatic milk recording and data transfer has the potential to increase the degree 
of farmers participation in a national milk recording scheme as in the long run, it 
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will reduce the cost of milk recording. Also, it will result in the availability of extra 
data which can be used to increase the accuracy of predictions and reliability of 
EBVs. Experience in a pilot scheme (Brotherstone, unpublished) which was con-
ducted in parallel with this study shows that the involvement of a central recording 
organisation is required to put the basic infrastructure in place for electronic data 
transfer. Farmers with automatic recording facilities are keen on such a project but 
their interest can only be sustained by sufficient technical support and widespread 
involvement of other farmers. Most importantly, using daily yield records in genetic 
evaluation will serve as additional impetus for other farmers to invest in automatic 
milking facilities. 
Accuracy of genetic evaluation can be increased by several ways. This study took 
the approach of increasing accuracy via a more efficient accounting for non genetic 
variation in yield and a more efficient use of daily yield records in genetic analysis. 
In this regard, the study sought to determine the effect of various environmental 
factors on daily milk production and composition and how to account for them in 
a genetic analysis. This was accomplished in Chapters 3 to 5. In chapters 6 and 7, 
the relationship between daily milk yield records and methods of using this informa-
tion in estimating population parameters for milk production traits and subsequent 
genetic evaluation of dairy cattle were investigated. 
The model used in analysing the data in Chapters 3 and 4 considered yields at 
different stages of lactation as repeated measures of the same trait rather than as 
different but correlated traits. This means that variation between yields of the same 
trait at different stages of lactation was assumed to be wholly environmental. This 
model allowed the effect of short term environmental factors such as production 
season (or month of test) and gestations stage (See Chapter 4) to he accounted for 
directly in the analysis. The results led to the conclusion that modelling seasonal 
variation in terms of the production season rather than the calving season was more 
efficient in accounting for seasonal variation in yields. Swalve (1995b) reviewed 
various aspects of modelling test day yields in several studies and came to a similar 
conclusion. Production season, as used in this study is equivalent to the month of 
test referred to in some studies (Meyer et at., 1989; Pander et at., 1992) as against 
the month of calving more commonly referred to in earlier studies (Auran, 1973; 
Danell, 1982a). Fitting the month of test accounts for the variation due to the more 
general effect of the month of calving as well as short term within lactation seasonal 
changes specific to individual test day yields. The definition of production season 
in this study assumed a constant environmental effect for daily yields within a two 
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month period. Further improvement in accuracy may be attained if the production 
season class is narrowed to a weekly or fortnightly period. This is because significant 
climatic changes can occur within a two month period which will affect some daily 
yields but not others. 
The results in Chapter 3 suggest very little effect of calving age on daily milk produc-
tion once records had been adjusted for other causes of variation. Some confounding 
between calving age and the cow (a random term in the model) was observed in this 
analysis which may or may not be peculiar to this data. A study with records from 
many animals may be required to verify whether the confounding observed was due 
to the small number of animals and the narrow range of ages in this data. Fitting 
age at test as previously suggested (Meyer et al., 1989) may be required to avoid 
confounding in repeatability test day models. Generally however, modelling age 
with linear and quadratic regressions accounted sufficiently for the observed effect 
of age in this study. 
Significant variation in the effect of pregnancy due to gestation stage was reported in 
Chapter 4. It was also concluded that the effect of pregnancy at any given stage was 
higher in mid lactation than in later stages of lactation implying that individuals 
which conceive earlier in lactation lose more milk per day pregnant than those which 
conceive late. This suggests that the present indirect method of accounting for the 
effect of pregnancy in various countries (INTERBULL, 1992), by accounting for the 
effect of days open or calving interval, is not adequate especially for test day yields. 
For example the yield of a cow which aborts after conceiving may not be correctly 
adjusted for the effect of pregnancy where such adjustment is based on the calving 
interval or number of days open. However with no accurate information about 
conception dates, this is the only option. When conception dates are known, test 
day records could be pre-corrected for the effect of gestation stage before computing 
305-yields for evaluating animals under the present system. If evaluations are to be 
based on test day yields, extra resources need to be put into recording of conception 
dates or dates when cows are due but fail to return to estrus. From these, the 
gestation stage of the animal to the nearest month can be determined for each test 
day yield and included in the model. Otherwise, high yielding cows which are also 
highly fecund may be under rated while poor yielding cows that are less fecund may 
be over rated. 
It was concluded in chapter 5 that standard models of the lactation curve can predict 
only about half of all lactations with a reasonable level of accuracy. It should be 
noted however that these results are based on the performance of an unusual high 
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yielding herd (See Chapter 2) and so may not he generalisable. The poor fit of most 
models was mostly due to between cow variation in the time and magnitude of peak 
production which causes between cow variation in the shape of the lactation curve. 
Guo and Swalve (1997) reported that individual variation in the shape of the lac-
tation curve was the major factor affecting the accuracy of several models studied. 
Gengler (1995) reported significant genetic variation in persistency of milk produc-
tion implying genetic variation in the shape of the lactation curve as others have 
concluded (Danell, 1990; Trus and Buttazzoni, 1990). The time of peak production 
and magnitude of yield at peak are features of the lactation which determines the 
overall shape of the curve. Genetic variation in the shape of the curve implies that 
there may be a high genetic variation in these traits and presents the possibility of 
changing the shape of the lactation curve by selecting for them. 
As was shown in Chapter 3, the protein content of milk is highest in the begin-
ning and towards the end of lactation when milk yield is low. Results in Chapter 
6 show that the phenotypic correlations between milk yield and protein yield at 
the same stage of lactation ranged from 0.68 to 0.75 for lactation weeks 28 to 44. 
The corresponding correlations between milk and fat yield were positive, but not 
as 
I
high, while the negative correlations between milk yield and protein content at 
these lactation stages were between -0.10 and -0.26 (See Tables 6.6 and 6.7). This 
means that changing the shape of the lactation curve by increasing milk yield in 
late lactation has the potential to increase overall protein yield if the genetic corre-
lations between the 2 traits at different stages of lactation follow the trend observed 
for the phenotypic correlations. This may however cause some fertility and health 
concerns considering the negative association between production and some fertility 
and health traits (Nebel and McGilliard, 1993; Pryce et al., 1997). 
Models of the lactation curve may be used to obtain summary information about a 
lactation such as the time of peak yield, persistency, total lactation yield or cumula-
tive yield up to a certain stage of lactation (Wood, 1967). In genetic analysis of test 
day records, lactation curve models are fitted to account for the effect of lactation 
stage on milk production and composition (Ptak and Schaeffer, 1993; Schaeffer and 
Dekkers, 1994). The implication of the results of this study is that most lactation 
curve models can give accurate summary information about the typical lactation but 
cannot do as well for non-typical lactations. Summary information, which may be 
used in on-farm evaluation and decision making, may be misleading unless flexible 
models are used, such as the regression spline model proposed in this study and the 
exponential model (Wilmink, 1987b). In the former model, the position of the knots 
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can be varied for each lactation until residual sums of squares are minimised. In 
the latter model, all four parameters should be allowed to vary so that the best fit 
can be obtained for each lactation without restriction. The correlation of time of 
peak yield and yield at peak with parameters of the lactation curve may be used as 
the basis for deriving adjustment factors for correcting parameters of the lactation 
curve estimated from non-typical and partial lactations. 
Parameters, and hence complete lactation curves predicted from records of the first 
20 weeks of lactation in this study, were significantly different from those obtained 
when complete lactation records were used. Congleton et al. (1980b) has shown that 
the accuracy of predicting 305-day yield with a lactation curve model depends on 
the number and distribution of available records. This is because these models are 
highly dependent on the parameters which require sufficient records in all stages of 
lactation to be estimated accurately. The implication for genetic evaluations which 
involves models of the lactation curve (Jamrozik et al., 1997a) is that breeding values 
for bulls whose daughters all have partial lactation records at the time of evaluation 
may be biased. The ranking of such individuals may change significantly when re-
assessed at the end of lactation when most of his daughters have complete lactation 
records. Such re-rankings were noticed in Chapter 7 when evaluations based on the 
mean EBV for yields in the first half of lactation were compared to the overall mean 
EBV. 
The correlation study in Chapter 6 indicates that the relationship between yields at 
different stages of lactation varied depending on the interval between record and the 
lactation stage the records belong to. For example the mean phenotypic correlation 
between milk yields in adjacent weeks of lactation is 0.93 ranging from 0.86 for 
yields in weeks 2 and 3 to 0.97 for yields in weeks 35 and 36. Pander et al. (1993h) 
observed a similar trend in their analysis of daily yield records. While the correlation 
between yields close together is high, the rapid decline as the interval increased 
suggests that the constant variance assumption of the repeatability model (Ptak and 
Schaeffer, 1993) may not be valid. The covariance function or random regression 
model (Jamrozik and Schaeffer, 1997; Meyer, 1997a; Meyer and Hill, 1997) combines 
the advantages of the multivariate and repeatability models in the genetic analysis 
of test day records. 
Results of the lactation curve study (Chapter 5) give credence to the principle of 
modelling the lactation curve with fixed and random regressions (Schaeffer and 
Dekkers, 1994; Jamrozik and Schaeffer, 1997; Jamrozik et al., 1997a) in genetic 
evaluation of test day records. While the fixed regressions model the overall shape 
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of the lactation curve which is common to all members of a group, the random regres-
sions model the deviation of individual lactations from the group mean, accounting 
for the between individual variation in the shape of the lactation curve. In Chapter 
7, the covariance between yields at different stages of lactation was modelled with 
orthogonal polynomials in a random regression REML analysis. This model allowed 
the estimation of genetic parameters and breeding values for yield at every stage 
of lactation on a continuous scale. Generally, variance component estimates varied 
depending on the sophistication of the function used to model the lactation curve 
(and hence the covariances) as well as the assumption made about residual vari-
ances. In previous studies which assumed that permanent environmental variance 
was constant for all test day yields (Jamrozik and Schaeffer, 1997; Kettunen et at., 
1997a), heritability estimates were over estimated especially in early and late stages 
of lactation. In this study, estimates were also biased when the residual variance 
was assumed to be constant, which is the implication of fitting one measurement 
error. 
It is pertinent to note at this point that covariance function and random regression 
models are one and the same thing, the naming of which depends on the aspect of 
the model that is emphasised by the individual. While the former name emphasises 
the modelling of variance components with a continuous function of time, the latter 
stresses the aspect of the model which fits the covariates used to model the variance 
components as fixed and random terms in the linear mixed model. The two aspects 
together allow breeders to model test day yields as repeated records with varying 
(co)variances which are estimated with relatively little computing time and cost. 
This is because emphasis in the likelihood search is on estimating parameters of the 
covariance function which are usually much fewer than the number of parameters 
to be estimated in an equivalent multivariate analysis. The accuracy of genetic 
parameters from this model therefore depends on the accuracy of the covariance 
function(s) in modelling the different variance components and how well the effect 
of lactation stage is accounted for in the analysis. 
Random regression estimates of genetic parameters for milk yield in this study were 
generally higher than reported multivariate estimates or those obtained in the mul-
tivariate analysis of the same data. Significant changes in the log likelihoods when 
different functions were used to model the covariances suggest that choosing an ap-
propriate model of the lactation curve will increase the fit of the random regression 
model and the accuracy of estimating genetic parameters. Kettunen et al. (1997a,b) 
reported varying estimates when they used different functions in the fixed and ran- 
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clom part of the model. This study has shown that residual variances were not 
constant. However, the residual variances of yield in some weeks of lactation were 
similar which suggests that measurement errors can be assumed constant across cer-
tain lactation stages. In this study, very little difference in heritability estimates was 
noticed when yields were grouped into 10 measurement error groups instead of esti-
mating separate errors for yield in each week of lactation. Grouping yields into few 
measurement error classes reduces the number of parameters to he estimated. In the 
random regression REML model, the number of parameters estimated is equivalent 
to (k(1)  x n) + m, where k is the order fit of the covariance function used or 1 plus 
the number of random regression covariates for each variance component, ii is the 
number of variance components modelled with continuous functions while m is the 
number of separate measurement errors to be estimated, equivalent to the order of 
the diagonal residual (co)variance matrix. 
The value of in will be equal to the maximum number of days (or different lactation 
stages) at which records are available if separate residual errors are to he estimated 
for the yield in each stage of lactation. When all 305 daily yield records are to be used 
in the analysis, m may be too large unless residual variances are considered to be 
constant over a large number of days. A prior knowledge of the groups of days with 
similar error will be required otherwise estimates can be biased simply by a wrong 
grouping. This means that ideally, residual variances should be modelled with a 
variance function where m will be equal to the number of coefficients to he estimated 
for the function rather than the number of separate errors to be estimated. Since 
residual covariances are assumed to be zero, such a function may be simple requiring 
m to be small. Also it is logical that the residual variance should be modelled with 
a continuous function of time if additive and permanent environmental components 
of variance are modelled with continuous functions to avoid a wrong partitioning of 
the total variance. 
Questions about the meaning of heritability on a continuous scale have been raised 
following a discussion of the earlier RRM results presented for milk yield (Kettunen 
et al., 1997a; Jamrozik and Schaeffer, 1997; van der Werf et al., 1997). Estimat-
ing the heritability on a continuous scale however means that breeders can obtain 
breeding values for every day in milk even if the individual was not recorded for that 
day. This allows production to be evaluated on a range of other traits (Jamrozik 
et al., 1997a; 1997b). What really matters is not whether heritability is continuous 
or not, but that many more test day records can be jointly analysed in a way that 
increases the efficient utilisation of all available records. For example, a multivariate 
random regression model (Jamrozik et al., 1997b) allows efficient utilisation of daily 
milk production records and weekly or monthly test day records in genetic analysis. 
This model will allow a more flexible recording scheme because missing records do 
not have to be predicted. The random regression model can be implemented with 
available computing capacity and will allow more environmental variation, particu-
larly that due to environmental factors with short term effects, such as pregnancy 
and climatic changes, to be accounted for thereby increasing the accuracy of genetic 
evaluation. It is therefore suitable for the utilisation of daily milk records in the 
genetic evaluation of dairy cattle. 
Suggestions 
In the genetic analysis of test day yields, seasonal variation should he modelled 
in terms of the production season. Definition of the season classes should be 
narrowed to optimum intervals to maximise the gains from accounting for short 
term climatic and management changes that may affect certain yields but not 
others. 
Efforts at increasing the accuracy of recording of conception dates should be 
intensified so that test day yields can he adjusted for the effect of gestation 
stage on the production of pregnant animals. Monitoring returns to estrus 
may be sufficient to determine the conception date to the nearest month. 
The regression spline model proposed is flexible and may be more amenable to 
modelling individual dairy cattle lactation curves. Further studies are required 
to determine the relationship between the parameters of the model, number 
and position of the knots and biological features of the lactation such as the 
persistency of yield. 
The relationship between test day milk, fat and protein yields suggest a covari-
ance structure which may also be modelled by multivariate random regression 
methods. Extension of the present random regression REML method to mul-
tivariate analysis is hereby advocated. The availability of computer software 
based on these principles will make routine evaluation of dairy cattle based 
on daily milk yield records and less frequently sampled fat and protein test 
records feasible on a national scale. 
In a test day random regression model, residual variances should be modelled 
with a continuous function as for the other variance components to ensure 
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accurate estimation of genetic parameters with even fewer parameters than is 
presently required. 
6. For daily yield records to be widely available for genetic evaluation, the cen-
tral milk recording organisations need to invest in the development of comput-
ing and electronic infrastructures that will encourage farmers with automated 
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.1 A GENSTAT code for deriving the spline function and 
fitting the regression spline model of the lactation curve 
"Regression splines fitted to mean herd yield data. Lactation stage ranged from 
week 2 to 44. Variable 'knots specifies the points at which the curve is split into 
segments, 'x' represent the independent time variable while 'v' is the dependent 
trait." 






caic D[1.. .q] = (x#knots)**3/6 
calc D[]=D[]*(D[] > 0) 
van [q] H 
calc H=Diff(knots) 
caic Z[3 ... q=(D[3 ... q]-D[2...qm1])/H[3 ... q] - 
"Now to fit the model" 
model y 
fit x + Z[] 
stop 
(D[2 ... qm1] - D[1 ... qm2])/H[2 ... qml] 
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.11 Phenotypic correlation between daily milk and protein 
yields in different weeks (WK) of lactation 
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.14 Phenotypic correlation between daily milk yield and 
protein content in different weeks (WK) of lactation 
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